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FOREWORD

This 1s part one of the final report of the work on Air
Force Contract AF33(615)3242 "Research, Design, Fabrication,
and Fleld Testing of 50' x 80' Aircraft Maintenance Hangars
and 30' x U45' General Purpose Shelters”". The contract was
initiated under Project 8174 "Aerospace Ground Support", Task
817410, "Aerospace Site Support". This report covers all work
performed under the basic contract and modifications S/A #3,
15 May 1967 and S/A #l11, 25 Fetruary 1969 with the following
exceptions:

(1) Work directed toward modification of composite
materials for possible use in the personnel
shelter developed by thils contractor under con-
tract F33615-67-C-1259. This work is covered in
the final report of that contract as authorized by
SA/P018(70-1415) 17 November 1969 of contract
F33615-67-C-1259.

(2) The testing of 16' x 32' personnel shelters de-
veloped under contract AF33(615)1285. This work
was reported in Volume II of the final report of
that contract (AFAPL-TR-65-116 Vol. II).

(3) Work on the design and prototype section production
of a larger hangar for aircraft of the F-11l1 size.
This 1is reported in another volume.

In addition to the work under contract AF33(615)3242,

this report covers that portion of the work performed on the
24" x 40' shelter (subsequently designated "Utility" or "Gen-
eral Purpose" shelter) under contract F33615-67-C-1259 after

8 August 1967. On that date, the Air Force Technical Monitor
made a final design decision concerning the utility shelter.
The approved design used many of the components of the hangar;
the utility shelter became, in effect, one of a family of shel-
ters using a design concept which originated with the hangar.

Work conducted between 15 October 1965 and 15 November
1969 is covered by this report.

Work was performed at the College of Design, Architecture
and Art of the “‘University of Cincinnati.

This report was prepared by Professors James M. Alexander
of the Department of Industrial Design and Karl H. Merkel of
the Department ol Architecture, Principal Investigators; John
R. McKnight, Project Leader and Dr. Bahram Bahramian, Engineer-
ing Consultant.
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In addition to the authors, the following contributed
significantly to the work under the contract: Professor Juseph
M. Ballay, Research Assistants Lawrence Fabbro, Lawrence
Spreckelmeler, and Harry Sparks, and several upperclass co-op
students of the college.

The work performed under the contract was administered
under the direction of the Air Force Aero Propulsion Labora-
tory, APFT, Wright-Patterson Alr Force Base, Ohio. The Alr
Force Project Engineer was Mr. Steven P. Shook from 15 Octo-
ber 1965 to October 1969 at which time the Deputy for Tactical
Warfare, ASD, assumed responsibility and Captain Richard W.
Matzko became the Project Engineer.

This report was submitted by the authors, James M. Alex-
ander, Karl H. Merkel, John R. McKnight and Dr. Bahram
Bahramian April, 1970.

This technical report has been reviewed and is approved.
John E. Catlin, Jr., Lt Col, USAF

Director, Bare Base Equipment SPO
Deputy for Subsystems Management
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ABSTRACT

Aircraft Maintenance Hangars (50 to 60' span) and General
Purpose Shelters (24 to 30' span) are needed by the Air Force
as part of the inventory of mobility equipment. Several con-
cepts are presented. Studies were made for hangars utilizing
double curvature modular panels which, when jJolned together,
would form a structurally sound vault. Panels weré fiberglass
reinforced polyester skins on 1 3/4" thick paper honeycomb
cores. Panel sizes were limited by the 463L pallet system.
The complexity of integral connectlng hardware required to
transmit the deslign stresses rendered this approach unecon-
omical. A variaticn utilizing aluminum skins on 3" thick
single curvature cores resu’ted in excessive cubage in the
packaged mode. A concept utilizing sectional arches of
aluminum I-beams and 3/4" thick modular sandwich panels proved
much more successful. Panels 1n this concept are faced with
sheet aluminum and have polystyrene foam or paper honeycomb
cores. Arch segments are connected with pairs of forged
steel hinges, and camlocks fasten panels to arches. Variable
length spacers between arches and waterproof fabric flashing
allow for adjustment tc .inor terrain varlations. Identical
components are used to form the vaults of a 58' span hangar
and a 30' span utility shelter. Standard off-the-shelf compo-
nents are used extensively. A full size prototype hangar
arch was static load tested and full size hangars and utility
shelters were constructed and field tested. A long span (88")
variation of the 58' span hangar 1s being designed and will
be reported in another volume under this contract.
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ABBREVIATIONS

al Aluminum

AFTM Air Force Technical Monitor
E Modulus of Elasticity
I Moment of Inertia

mil .001 inch

0.D. Olive Drab (color)

ASD Aeronautical Systems Division
in inch, inches

n.a. Neutral Axis

M Moment

psi Pounds per Square Inch
psf Pounds per Square Foot
S/A Supplemental Agreement
ft foot, feet

mph miles per hour

vel. Velocity

G Gravity

H/L Height/Length

max. maximum

wgt. weight

oz. ounce, ounces ’

cu ft cubic foot, feet

sq ft square foot, feet
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INTRODUCTION

Experlence of the Tactical Alr Command demonstrated a need
for better shelters than those available as "Grey Eagle" equip-
ment. Included in the specialized shelter needs was a light-
welght, easily-erectable, alrcraft fleld malntenance hangar.

Under Air Force Contract AF33(615)1285, the University of
Cincinnati developed several hangar concepts. Further investi-
gatlon of these concepts and generation of other new concepts
were prime objectives of the contract for which this 1s the
final report.

Other objectives of the contract were to fabricate and
test prototype full size span sections (arches) of the selected
concept; build a full size hangar; fleld testing of shelters;
and, as spelled out in subsequent amendments, bulld a second
full size hangar and refurbilsh the first hangar incorporating
improvements over the first prototype.

The work under this contract was performed by a group with-
in the College of Design, Architecture and Art currently deslig-
nated as the Design Research Collaborative. Composition of
the grcup involves Industrial Design and Architecture faculty
members and graduates and cooperative students from the De-
partments of Industrial Design, Architecture, and Mechanlcal
Englineering. Very significant 1is the contribution of a con-
sulting civil engineer.

Organization of thils report is essentially along chrono-
logical lines. It deals first with a review of concepts and
determinations of the concept to receive detailed study. Next
i1t deals with the change from the previously selected design
to still another design and, finally the production and testing
of full scale sections and prototypes based on the final hangar
and utility shelter designs. Certain appropriate detailed
structural analyses are incorporated within the report and as
appendlices to the report.

Though not covercd by this report, two follow-on develop-
ments should be noted: ’

(1) Quantity procurements of the hangars and utility
shelters designed by the University of Cincinnati were initiated
by the Air Force, and production items have been delivered by
the Brunswick Corporation. Several of these production models
underwent tactlical use in the TAC field exercise at North
Field, South Carolina in October, 1969.

(2) The University of Cincinnati has been awarded another
Air Force Contract (F33615-69-C-1719) to develop advanced
lightweight portable structural concepts for shelters, hangars,
and maintenance docks.

BRERY Y
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II
REVIEW OF CONCEPTS

A. CONCEPTS DEVELOPED UNDER EARLIER CONTRACT

Under Air Force Contract AF33(615)1285 the University of
Cincinnati was first charged with developing a system of shel-
ters for use in limited war operations. Two basic slzes were
established: (a) a 16' wide general purpose shelter (personnel
shelter) and (b) a 50' x 80' x 25' high aircraft maintenance
shelter (hangar).

While the majority of the effort under contract #1285
was exerted on personnel shelters, several hangar concepts
were evolved and presented in Volume [ of the final report
of that contract (Document AFAPL-TR-65-116, dated December
1965). More detalled analysis of these concepts was among
the first tasks undertaken in the new contract work.

A summary of several of these previously developed con-
cepts follows:

l. Self-Rigidized Structure

This concept envislioned a fabric shelter supported by in-
tegral periodic tubular fabric ribs that would contain encap-
sulated foam plastic reactants. The addition of heat would
energize the reactants and fill the ribs with a rigid foam.
It was realized that the state of the art of self-foaming
plastics was not sufficlently advanced to make further devel-
opment feasible at that time.

2. Trapezoidal Rod (or Tube)-Framed Arches (Figure 1)

The basic module of the arch in this concept was a tri-
angular sectlon cage, two planes of which would be trapezoidal
shaped trussed frames with the base plane defined by tie rods
connecting the short bases of the adjacent trapezoids. The
modules could be shipped flat, folded into three-dimensional
mode and attached to each other to form arches. A flexible
insulated fabric skin was. envisioned for the hangar, formed
by connecting adjacent arches with purlins and dlagonal braces.

3. Arched Beam Concept (Figure 2)

Arch segments of "T" or "I" aluminum sectlons would be
mechanically Joined to form arches which would be anchored 1into
grade beams on the ground and spaced with purlins. A double
upper flange on the "T" or "I" would form slots into which
semi-rigid foam board panels could be slipped and lapped along
horizontal seams.

- . . LE s ]
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Figure 1. Trapezoidal Rod (or Tube) Framed Arch Concept
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Figure 2. Arch Beam Concept




4. Three-Hinged Arch Concept (Figure 3)

Trusses would be shipped knocked-down,field connected with
pins and assembled into three-hinge aruhes in this concept.
Erection would involve anchoring left hinge points to ground,
elevating center hinge points, sheathing with fabric or panels
attached to adjacent trusses, and then drawing the right hinge
points toward the left with cables until the desired elevation
would be achieved. Securing the right hinge points to the
ground would be the final step.

5. Shell Arch Concept (Figure 4)

Units of a rigid plastic or sheet metal, with some surface
modulation for additional stiffness, would be connected together
at sides and ends. The units would be assembled cn the ground
in a horizontal plane. After securing one edge of the assembled
group of units to the ground, the other edge would be set in
tracks. The two edges would have been tied together with cables.
Tension applied to the cables would cause the structure to
bow or arch itself into a curved shell.

Figure 3. Three-Hinged Arch Concept
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Figure 4. Shell Arch Concept

6. Combination Truss and Panel Arch Concepts (Figure 5)

Rigid panels with interlocking sides and ends would be
equipped with "bar-joist" type trusses mounted under the panel.
The truss would fold flat against the panel for packaging.

The truss would be set upright and Joined to trusses of ad-
Joining modules to form a trussed arch with an integral skin.

7. Tension Structures (Figure 6)

One of several tension structures studied involved a
fabric suspended by a series of cables from guyed poles located
around the exterior perimeter of the shelter. This resulted in
a hexagonal shelter. A variation proposed half hex ends on a
selected number of rectangular bays.
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Figure 6. Tension Structure
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8. Space Frame Structures (Figure 7)

Interacting tubular framework, in a geometric configuration
resulting in a curved plane space frame of barrel vault shape,
would be made of short lengths of tubing and pivoting fittings.
The space frame would be made up of star shaped subassemblies
or modules, connected together by purlins running longitudinally
and by lower chord members running transversely across the shel-
ter. Fabric skins or rigid panels would be used to enclose the
shelter. End doors of fabric would be suspended from the frame.

9. Composite Plate with Linear Elements (Figure 8)

Rigid flat or curved panels set within formed sheet metal
or extruded metal frames would become the primary unit. Units
would be interconnected at ground level to form half arches.
Two half arches would be pinned together at the midpoint
Joint and erection would utilize tension cables in a fashion
similar to the erection of the Three-Hinged Arch Concept.

COMPLETEZL HANGAR
SHowN wWITH FABRIC
SkiN ¢ WiTHoUuT FaBric
Enp CrLosures.

Figure 7. Space Frame Structure




COMALETED S50~ 80'+25" Hléh
/> SHOWMW WITH
IMAE JASRIC VS

HANGAR

Figure 8. Composite Plate with Linear Elements

B. NEW CONCEPTS PROPOSED

1. Requirements and Goals - Statement of Work

The Statement of Work of Contract AF33(615)3242 specified,
in addition to review of earlier concepts derived under the
previous contract and reviewed in II,A above, further investi-
gation of two specific concepts:

a.

Prefabricated Modular Arch (Space Frame, II,A,8
above)

Composite Folded Plate (or shells) and Linear
Elements (II,A,9 above)

Governing all concepts to be generated were certaln physi-
cal requirements and design goals; these are summarized below:

a.

Physical Requirements
Dimensions: 50' x 80' floor plan with a 25' center
height

Doors: TIFull width and height, flap or accordion
at each end

Foundation Beam: Prefabricated lightwelght grade
beam to provide a level founda-
tion over uneven ground

N



Tension Tles: Flat web tiles can be utilized to
take tension loads caused by arch
construction

Connectors: Simple pin type, snap, or "Velcro"
fabric zlpper

Anchorage: Adequate tie downs and stake tabs
for anchoring structure to the terrain

Insulation: Reflectlve type for fabric covered
concepts, "Foam" or "bat" type for
panel covered structures.

Color: Olive drab or camouflage

b. Design Goals
Package Welght: 7500 pounds
Package Cube: 800 cubic feet

Operational Life: 15 years shelf life, 3 years
operational 1life

Cost: $25,000 or less per shelter in quantities
of 50 units

Erection Time: 50 man-hours or less

Loads: 90 mph wind at 30 ft. and 10 psf on roof
areas

Approximately two months after effective date of contract,
four distinct concepts were presented to the project engineers.
They represented, on one hand, a distillation and refinement
of earlier concepts, and, on the other hand, entirely new con-
cepts. They were presented in drawing and small scale model
form as Concepts A, B, C and D.

2. Four Concepts Presented December, 1965

a. Concept "A"

Concept "A" was a further development of the Three-Hinged
Arch Concept presented in the earlier contract. Figure 9
i1llustrates a partly erected hangar. Its erectlon procedure
was described on page 5.
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Figure 9. Concept "A" (Three-Hinged Arch)

The structural bents that would be hinged together to form
the arches were designed in truss forms with sections approxi-
mately 8' in length. Two-inch square 6061-T6 aluminum tubing
was specified for the trusses. Purlins would be eight feet in
length and spaced four feet on center. They would be made of
the same two inch square tubing as specified for the trusses.

Corrugated aluminum sheet was proposed as the skin panel
material. Weathersealing between adjacent bays could be accom-
plished with a fabric and draw cable device similar in principle
to that utilized in the Jamesway shelters:

Weights were calculated as follows:

Tiusses: 4ooo#
Purlins: 1600#

Sheeting: 3200#

Total 8800# plus end closures, counterflashing
and assorted fittings.

11




Critical review of Concept "A" evoked the following
observations:

(1)

(2)

(3)

(4)

(5)

The structure somewhat limits usable space inside
the hangar.

Erection method would be complex.

Approximately 16 truss segments, 18 purlins and 8
sheeting panels would have to be subassembled for
each arch section (bay).

Configuration of hangar section would require more
surface material than would a semi-circular arch.

In general, the approach was the most conventional
one presented. Several existing structures are
quite similar.

It was decided not to pursue this concept further.

b.

Concept "B"

This concept (illustrated in Figure 10) combined features
of the original Space Frame structure and the Composite Plate
with Linear Elements concept and as such represented the fur-
ther investigation of these two concepts called for in the
Statement of Work.

Figure 10. Concept "B" (Space Frame and Panels)
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The earlier space frame concept utilized three dimensional
star shaped modules assembled from tubes and fittings. Purlins
rarallel to the axls of the shelter rigidized the folding
modules 1in thelr x-shaped mode. This created a pyramlidal shaped
cage which, when joined along hinge lines provided by the
lJower set of purlins, formed a connected strip of modules.

These were converted into an arch by tying modules to each

other at thelr midpoints with tenslon chords of a length that
Would cause the modules to triangulate and define the proper
angles between the arch segments. (See Figure 11) In this con-
cept a fabric skin would have to be suspended from the chords

of the arches after the arches were erected with a hangar.

Concept "B" resembles the earller space frame in some re-
spects. The major difference 1s that a rigid ranel replaces a
plane implied by the purlins and chords of the earlier concept
in that the pyramids have their points downward rather than
pointed upward. Chords connecting the points of the pyramids
then join the modules and deflne the angles between the hinged
modules. The advantages over the earlier space frame concept
were: 1l.) the skin was made up of rigid panels rather than
fabric, 2.) the skin was the exterior surface of the hangar

@ELEvATION
CHORD APPLICATION
SYSTEM
(@ CHorp ATTACHED
O STEMS AT
FirsT PosiTioN ®

Draws 222438 I = AT~ TN TN TS T ] |

MobuLEs INTO ™ EL EVATION =

ParTIAL ARCH

(® ConTinuING

wirH S7ep ® ELEVATION
ACCORDING TO

SeaueNcE Notep (3)

IN STer (D ~. CHORDS ~_]
Propuce.s ELEVATION

CoMPLETE. ARcH.

Figure 11. Erection Sequence, Earlier Space Frame Concept
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rather than being suspended under a frame exposed to the weather
and 3.) erection of skin and frame occurred simultaneously
rather than in twoc separate sequences of operations. (See Fig-
ure 12) A "Jamesway" type sealing of vertical Joints between
arches was envisioned.

Critical review of Concept "B" evoked the following ob-
servations:

(1) Cost of panels would be high due to structural re-
quirements and molded-in fasteners to receive frame
members.

(2) Frame and connector special fabrication would involve
high cost.

(3) Erection time would be lengthened by high number of
fastenings to be made.

(4) Sealing of horizontal and vertical joints might
cause problems.

It was decided that no further work on Concept "B" would
be undertaken.

CHORD
@ SkIN £ FraME ArPPLICATION
ASSEMBLED SY.ST:M
SIMULTANEDUSLY
(® CHorp
ATTACHED TO o ,.-f' :
STEMS AT FIReT ELEVATION

PosiTioN Draws

2% ¢ 38 Mog. @ /«b\

ULES INTO PAR- B P P
B

ELEVATION

TiAL ARcH.

(3 ConTiNnuING

wiTH STEP (&)

ACCORDING TO @

SeQuENCE NoTeEp CHORDS \J(‘\J__
IN STeEP @) PrO- ELEVATION

pucES COMPLETE. ARCH,

Figure 12. Erection Sequence, Concept "B"
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c. Concept "C"

This concept was unlike any previously submitted and uti-
lized tipped-up aluminum arches and fabric skins. (See Figure
13) As this was one of the two concepts selected for further
study prior to a presentation to Headquarters, Tactical Air
Command, detalled description of the concept will be deferred
to the next section of this report (II,B,3a).

HANGAR CONcEPT C7|
PERSPLCTIVE ’

§ UNIVERSITY OF CINCINNATY .
AF 33 (615) 3242 . '

"):'1" i figd TR ik

A8 A UT SRR
tﬁl}i"""”l

& vy

Figure 13. Concept "C" (Tip-Up Arch and Fabric)

d. Concept "D"

Concept "D" (Figure 14) was conceived as a shell type
shelter and utilized a double-curvature module of sandwich con-
struction. This was the second concept selected at the Decem-
ber 1965 review for further study. To avoid redundancy, de-
tailed discussion of this concept will also be deferred to the
next section of this report.
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Figure 14. Concept "D" (Double Curvature)

3. Two Concepts Presented February, 1966

A conference was held at the University on 9 February
1966. It was attended by personnel from Headquarters, TAC,
Langley AFB, Virginia; Headquarters TAWC, Eglin AFB, Florida;
and Alr Force Aero Propulsion Laboratory, Wright-Patterson
AFB, Ohio.

Concepts "A" and "B" were reviewed briefly and Concepts
"C" and "D" presented in greater detail.

a. Concept "C"

The appearance of a hangar based on Concept "C" remained
essentlally unchanged from the previous prese+wtation. (See
Figure 13) Figures 15 through 23 were utiliz- 2+ the February
meeting. They deal wilth various aspects of tr. i.niept and are
presented 1n the same order as the following discussion of the
same aspects. ‘
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Basis of Concept (Figure 15). The basic structural concept
involves adjacent segmented aluminum arches that are, in erected
mode, elght feet apart at thelr bases and touching each other
at their highest points. Arches are of two types: 1.) "full"
arch (meaning an "I" section) and 2.) a "half" arch (meaning
a "channel section" of half the width of the "I" section).

Half arches are hinged at the base and high point of a full
arch to form a basic unit. The arches' span is 50' and the
helght at center point 1s 25'. Ten spread units give the re-
quired 80' length for the hangar.

Erection Methods (Figure 16). Arch units are assembled
on the ground, and the base of one half arch 1s hinged to pre-
viously anchored base plates. Spreader tubes are inserted be-
tween the half arch on the ground and the full arch. The en-
tire assembled unit 1s then 1lifted to a helght that allows
other erectlion crew members to pull the unit into upright
position. Gaff hooks are used to assist in the 1lifting opera-
tion. The base of the full arch is locked into the next set
of previously anchored base plates, and the remaining half arch
is tilted out to its final angle of repose (parallel to the
first half arch). These steps are repeated for each unit
resulting in a frame with successive leaning arches consisting
of alternate "I" sectlons and double back-to-back channel sec-
tions. Fabrlic skins are attached to each unit prior to 1lifting
up into upright position.

Hinge Details (Figure 17). The hinges at the base plate
and at the highest point of the adjacent arch are diagrammed
and dlscussed on this plate. Removable self locking hinge pins
with ring grips and retainer cables would be used throughout.

Base Plate Details (Figure 18). Fabricated steel or alumi-
num base plates are i1llustrated. These provide for hinglng
of one half arch, securely seating and locking into place the
remalning hinged full and half arch assembly, and securing of
draw ropes used to keep fabric panels taut.

Fabric Skin Details (Figure 19). Lightweight waterproofed
fabric skins are cut in two patterns: one with long edges cut
in concave and the other in convex conflguration. Metal hooks
at the edge hems of the fabric are engaged in predrilled holes
in the flanges of the arches. The detalls of a spring steel
bracket device used on the flashing flap that seals one arch
unit to the adjacent unit are shown. Draw ropes are utilized
here to hold the flashing taut as well as at the valleys of
the fabric panels.

Miscellanecous Details (Figure 20). Detalls shown here
include spreader tubes for separating arches in erected mode,
splice plates for connecting arch segments to each other, gaff
hooks and pulley assem! lies for use 1n erection.

17



End Wall Door (Figure 21). A concept for a droppable fab-
ric end wall is presented. Raising and lowering of the fabric
1s accomplished by a system of nylon ropes and pulleys. A
zippered flap in the fabric end wall can serve as a truck door
(when rolled up and tied) and as a personnel door (when one
corner 1s raised and tied back).

Packaging (Figure 22). One 463L pallet would store two
arch units plus an appropriate portion of fabric and acces-~
sory items. Each packaged pallet would weigh approximately 2460
pounds (exclusive of the pallet weight) and would cube at
approximately 230 cubic feet. Each hangar would require five
pallets resulting in a net weight of 12,300 pounds and net
cubage of 1150 cubic feet.

Weights (Figure 23). Alternate aluminum and magnesium
Structural sections are presented for use in the arches, and
resulting welghts are tabulated. Welghts of fabric and acces-
sory metal parts are estimated and show a total of 1900 pounds
per hangar.
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Figure 21. Concept "C" End Wall Door
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Concept "C" Weights
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b. Concept "D"

As was the case in Concept "C", overall appearance of a
Concept "D" hangar remained similar to that shown in the earli-
er presentation. (See Figure 14). Figures 24 through 32 describe
pertinent aspects of this concept and served as the basis for
the visual presentation made at the February meetings. The
following remarks supplement the illustrative plates presented.

Elevations and basic module (Figure 24) illustrate the
basic double curvature module. Overall size 1s 6'-8" wide
by 8'-2 1/16" lorg and, as such, is compatible with the U463L
pallet system. 8lide and end elevation views show the staggered
horizontal Joint method of assembly to impart structural rigid-
ity to the assembled structure.

Module Detail (Figure 25). 1In section and exploded per-
spective views, the sandwich composition and suggested horizon-
tal and vertical treatments are presented. Suggested faces of
the composite sandwich are .025" fiherglass reinforced plastic,
and a 2" thick paper honeycomb is shown as the core material.
Experimentation with expanded honeycomb revealed that the
material naturally assumed a double curvature saddle-like
configuration when warped along one axis. A tongue and grooved
horizontal Joint (secured and strengthened by periodic luggage
type fasteners) is shocwn. The vertical Joint between arches 1is
secured by a heavy flberglass flashing tab adhered permanently
to the modules of one arch and lappling over the modules of the
adjacent arch.

Flashing Details (Figure 26). Modifications of the hori-
zontal and vertical flashing tabs to provide sealing at module
intersections are shown here.

Module Types (Figure 27). The 114 full modules and 12
half modules required to construct a 50' x 80' hangar are
broken down 1into five types of full modules and two types of
half modules, and required quantities of each are spelled out.
The variations are cdue principally to orlientation of male and
female components of the tongue and grooved horizontal jolnts
for weathering purposes.

Erection Procedure (Figures 28 and 29). Site preparation
involves laying out two parallel rows (52' apart) of base pads.
Within each row, base pads are anchored and leveled 6'-8"
center to center. Modules are assembled into an arch on the
ground and, in the case of the end arch, the fabric end curtain
is attached. Figure 29 i1llustrates the five step procedure
for raising a typical arch into a vertical position and secur-
ing it to the appropriate base pads. The following three sketches
1llustrate the erecting of a second arch and the lapplng of
its vertical flashing tabs over the previously erected arch.
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Securing Hardware (Figure 30). Jacks, base pads, and arch
ciamps utilized in the erection procedure are illustrated in

this plate.

Packaging (Figure 31). Palletizing of hangar components
is illustrated and shows need for three leaded pallets plus
one box for assorted hardware items.

Welghts and Cubage (Figure 32). Total packaged weight of
a Concept "D" hangar 1s estimated at 6000 pounds and total
cubage at 1500 cubic feet. Flgures do not include weight and

cubage of the pallets utilized.
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Figure 24. Concept "D" Elevations and Basic Module
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HANGAR CONCEPT D"
MODULE DETALLS
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Figure 25. Concepﬁ "D" Module Details
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HANGAR CONCEPT *0*
FLASHING DETAILS
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Figure 26. Concept "D" Flashing Details
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HANGAR CONCEPT D"
MODULE TYPES
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Figure 27. Concept "D" Module Types
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Figure 28. Concept "D" Erection Procedure I
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Flgure 29. Concept "D" Erecticn Procedure II
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Figure 30. Concept "D" Securing Hardware
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Figure 31. Concept "D" Packaging
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Figure 32. Concept "D" Weights and Cubage
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¢. Concept "D-1"

A variation of Concept "D" had evolved earlier and is shown
in Figure 33 as Concept "D-1". It suggested use of a single
curvature module with a V-shaped cross section in lieu of the
double curvature one utilized in Concept "D". It was viewed
as a fall back concept if, for some unanticipated reason, ma-
terial or cost factors made the double curvature configuration
unusable. The previously cited natural tendency of the expanded
honeycomb to assume a saddle configuration reinforced the con-
viction that the double curvature module was attainable and
structurally more logical.

Figure 33. Concept "D-1" V~-Section Module

C. EVALUATION OF CONCEPTS

The result of the deliberations at the 9 February 1966
meeting was the selection of Concept "D" (double curvature
module) as the concept to pursue further and eventually pro-
duce in full size prototype form.
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As well as Concepts "C" and "D" previously submitted,
Concepts "A" and "B" had been briefly reviewed at this meeting.
It was the general feeling that Concept "A" (Three-Hinged Arch)
was, as noted in the December critique, "the most conventional"
one presented and similar to other existing structures. Concept
"B" (Space Frame and Composite Plate and Linear Elements) was
too complicated and might well require specially trained per-
sonnel for erection. The Alr Force was réluctant at this time
to pursue further an essentially fabric structure, so Concept
"C" was eliminated from further consideration.

It was felt that Concept "D" combined a uniqueness and
simplicity wilth an apparent appropriate advance in the state of
art. Basic feasibility of the construction techniques of the
double curvature module was -demonstrated with several one-
third scale fiberglass faced paper honeycomb cored panels
that were fabricated by hand lay-up process prior to the meeting.

Areas of concern that should be borne in mind in the
further development were:

1. Cost

2 End wall operation and heat loss
3. Anchoring in poor soil
4y

Possible leakage in panels and accumulation of
moisture in honeycomb cells

Further specifications were laid down and included:

1. Full size hangar was to have one rigid and one
insulated fabric end wall

2. Openable fabric end should have sill or tie down
capable of being left 1n place so that planes
could pass over 1t

3. Rigid end wall should have some translucent
panels, ventilation provision, and access doors
large enough for use by trucks

4. Black out capabilities should be provided

5. Leveling should be made as simple and non-
critical as possible

6. There should be a mechanical lock from arch
to arch

7. Tension ties should be provided across the base
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10.

of each arch to prevent spreading

A kit of lighting fixtures and plug-in recepta-
cles should be provided

Color: olive drab or a lighter value green/
brown color acceptable

Panel materials should be thoroughly evaluated
in respect to possible warpage.
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III
DCUBLE CURVATURE CONCEPT DEVELOPMENT

The decision having been made to develop further the
Double Curvature Concept (previously designated "Concept D"),
concurrent effort was directed for the next several months along
the following three lines: model making and testing, further
development of design details, and searching out sub-contractors
and negotiating a subcontract.

A. MODEL MAKING AND TESTING

Models made for testing and demonstrating were undertaken
in two scales: 1/3 full size and 5/8" = 1'-0".

l. One Third Full Size Models

An 1mproved wood mold was fabricated for the one third
scale bidirectionally curved modules, and ten modules were
produced. 3/4" cell paper honeycomb was used as the core and
hand lald-up fiberglass reinforced polyester was used as skins.

The purpose of this exercise was more to experiment with
Joining and erection techniques and to get the feel of the
elements at a reasonable scale than to uce the modules for
highly sophisticated structural analysis.

On these ten additional modules tongue and grcoved horizon-
tal joints were lald up along the appropriate edges of She pan-
els. They were fabricated of tempered fiberbcard. Luggage
type connectors were attached near the outboard edges of the
horlizontal Joint lines on the interior faces cf the modules.

On 18 April 1966 a full arch was assembled and erected
outdoors on the University campus (Figure 34). Assembly and
erection was accomplished by three men in about three minutes
time (the arch was 16'-8" across the base and 8'-4" high).

As reported at the time, "No anchorage was provided, and the
arch was set up on a slightly irregular grass turf. A gusty
breeze developed and the arch would deflect into a slightly
elliptical shape and then return to 1ts circular shape. These
alternating deflectlions continued for a short time, then a-
bruptly the arch fell when the center joint at the ridge
seemed to break outward."

Investigation after the fallure showed that the fiberboard
tongue and grooved Joint had broken and that the fiberboard
had failed in cohesion. An additional luggage-type latch at
the center polnt may well have resisted the tendency of the
Joint to open.
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2.

Figure 34. Concept "D" 1/3 Scale Test Arch

5/8" = 1'-0" Scale Model

Some 132 small vacuum-formed plastic modules and half
modules were made and utilized to form a 5/8" = 1'-Q" scale
model of the double curvature concept hangar. As illustrated
in the referenced sequences of photographs, the model was a
useful tool in exploring:

a.

b.

cC.

d.

Erection of arches by the Cip-up method (Figure 35)
Erection of arches by use of a gantry crane (Figure 36)
Variations of flexible end walls (Figure 37)

Erection of rigid end wall (Figure 38)

The tip-up technique of erecting arches remained the
favored approach. It was realized any final decision would
depend con such details as arch to arch connections and jack

details.

A decicion on the type flexible openable end wall would

depend on, among other things, calculation of wind loads on the
end wall and the means of withstanding these loads.
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Figure 35. Erection of Double-Curvature Arches
by Tip-Up Method
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Figure 36. Erection of Double-Curvature Arches
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Figure 37. Flexible End Wall Studies
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Figure 38. Fixed End Wall Erection

B. FURTHER DEVELOPMENT OF DESIGN DETAILS

While a broad search for a suitable subcontractor for de-
tailed engineering was being conducted, further design studies
were made on several aspects cf the concept. These areas
included:

1. Flashing of Vertical Arch to Arch Joints

Alternates to the fixed fiberglass tab (Figure 25) were
studled; prominent was one that involved drawing (or rolling)
a fabric flashing over each joint and securing by drawing taut
and anchoring tension lines sewed into hems of the fabric strip.
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2. Horizontal Joint Connectors

Cam-locks aiichored securely within the sandwich construc-
tion were considered as alterrates to the iuggage type latches
installed on the 1/3 scaie model.

3. Vertical Jolint Connectors

A "zipper" concept of combinatlon flashing and connector
was considered (Figure 39). This concept also involved an in-
flatable tube keycvd into the edge of one arch with inflation
occurring after installation of the "zipper". It was feared
that accumulative friction of the "zipper" plates being dragged
over the arch would be considerable.

following the directive to provide fixed mechanical con-
nections between arches, several approaches were explored.
These included 4" wide "F"-shaped extrusions that would be bolted
to Lthe edges of panels and then bolted toge “her through the
stems of the "F"s, lacing together through removable hooks
on the underside of the arches, and two schemes for utllizing
straps, recessed locking cams, and/or metal rings and Velcro.

Trade offs were made indlcating the amount of auxiliary
erectlion equipment that several methods would require. They
ranged from none at all to scaffolding the helght of the full
arch. It was recognized that detailed engineering calculatlions
would have to be made before this matter could be resolved.

4. Openable Fabric End Walls

A theater-like curtain, dropped via parallel lines or

pulleys to the ground, disconnected and carried to each side

of the opening was proposed. Aerodynamic sloped configurations
were also investigated as was a 2-part curtain that was pulled
to the respective sides of the arch with cables and pulleys.

5. Fixed Fabric End Wall

Variations for vertical plane and sloped configuration
end walls with roll up truck access flaps were studied.

6. Arch Erection Methods

A method utilizing a single double-A frame (Figure
35) was studied as was one using two such frames. Alternate
methods employed a scissors type dolly or a gantry crane (Figure
36) to erect arches singly or in attached pairs.

C. SUBCONTRACTING EFFORT

It was recognized that competent subcontracted assistance
would be required in detailed structural analysis, engineering
design and sandwich panel construction and testing.
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A broad search was initiated for the best subcontractor.
Especially important was the experience of such a firm in the
area of plastic-faced honeyccmb-.cored panel technology.

Among the firms contacted and/or visited were: Brunswick
Corporation, Dentin Manufacturing Company, Eldon Fiberglass
Manufacturing Company, G. T. Schjeldahl Company, Goodyear
Aerospace Corporation, Hitco, Reichold Chemicals, Inc., Smith
Fiber Glass Products, Inc., and Whittaker Corporation.

The following firms were visited to discuss materials and
plastic technology: Cincinnati Milling Machine Company, Dow
Chemical Company, Fibre Glass Evercoat Company, Hexcel Products,
Inc., Monsanto Chemical Company, and Shenandoah-Facific, Inc.

On the basis of demonstrated capacity, intent, preliminary
recommendations and cost, the Whittaker Corporation was recom-
mended to be the subcontractor. Alr Yorce approval was ob-
tained, and a subcontract was signed (effective date 1 July
1966) based on a one man-year effort divided among the cate-
gories of engineering, design, stress analysis, and process
engineering.

D. COLLABORATIVE DEVELOPMENT WITH THE WHITTAKER CORPORATION

During the period between July 1966 and January 1967
intensive work toward finalizing detalls and materials was per-
formed by the contractor and the subcontractor, the Advanced
Structures Division of the Whittaker Corporation in La Mesa,
California.

The subcontractor's extensive experience in composite
sandwich construction and adhesives proved of great value
during this work. Though distance sometimes proved an inhibiting
factor to even closer cooperation, good liaison was established,
and several lengthy conferences at La Mesa, Cincinnati, and
Wright-Patterson Air Force Base provided personal interchange
of 1ideas.

The subcontractor's first progress report recommended
retaining the basic double curvature 6'-8" x 8'-2" size module
but suggested possible reduction of the core thickness and in-
crease of skin thickness. Reversing an earlier feeling that each
arch could be structurally self sustaining, the subcontractor
now indicated that a positive vertical joint connection between
arches was necessary. A different approach to weather sealing
between arches (utilizing neoprene or bulb gasketing) was pro-
posed. It was hoped to simplify erection procedure by elimina-
ting the jacking and lowering into position the overlapping
flashing tab approach would have required.

The precision of alignment required by the horizontal

Joint connectors proposed by Whittaker was a cause for concern
and follow-on study.
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l. Conferences at La Mesa - August 31 - September 2, 1966

A thorough review was held by key contractor and sub-
contractor personnel and the following decisions, among others,
were made:

a. The honeycomb panel should be ¢ncased in aluminum
edge extrusion (an "H" section was tentatively agreed upon).

b. The critical element structurally is the hori-
zontal Jjoint.

¢. At the vertical joint, the arches should be
locked together (at least along the lower 12' of each side of
the arch plus one connector at the top).

d. Pre-impregnated fiberglass was recommended be-~
cause of lighter strength/weight ratio.

e. A metal sandwich (corrugated core with aluminum
skins) was recommended for the rigid end walls. Stiffening
columns were deemed necessary.

f. Any aerodvnamic advantages from sloped end walls
were deemed not worth the greater material complexity and cost
such an approach would involve.

g. A continuous plywood strip along the base of the
arches seemed preferable at the time to separate base pads.

h. Auxiliary tie downs were consldered in high winds
as a means of reducing the complexity of the horizontal JoiInts.

Progress Reported November, 1966

The following design studies and related efforts were
reported:

a. A comparative study of module configurations of the
same structural integrity were reported. Hangar weights util-
izing the different types varied from 8,740 to 12,070 pounds.

b. The H-section edge extrusion on horizontal joints
would be taken by pins. Quarter turn fasteners and a neoprene
strip would complete this detalil. No loose hardware would be
employed.

c. A male and female bi-taper fitting was developed
for the vertical joint. PFour such connections would be used
for each module (40 per arch).

d. A continuous combination flashing and neoprene
bulb-weatherstrip arrangement had been selected.

e. An aluminum cast or welded base bracket contained
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a position for a pivot pin (for raising an assembled arch to
its final position) and a guide slot (for directing the adja-
cent arch into a position approximately 1" from the erected arch).

f. A marine plywood (or in high quantity production,
a honeycomb construction) continuous strip in 80" lengths
would position base brackets and be reinforced and aligned
with continuous aluminum edge channels.

€. Analysis proved that the structural contribu-
tion of guy wires did not warrant the additlonal expense and
erection time.

h. Four vertical beams proved necessary on both
fixed and openable end walls. A neoprene-hypalon coated nylon
fabric was recommended.

3. Proposals for Test Arches and Complete Hangars

At the direction of the Air Force, proposals were solicited
for tooling up and fabricating two test arches, a full size
hangar, and costing for a second hangar. Proposals were received
from the Whittaker Corporation and a partlial bid was received
from the Goodyear Aerospace Corporation. These costs and final
design detalls were prepared for an Air Force presentation
scheduled for January, 1967 at Langley Air Force Base.

E. STRUCTURAL ANALYSIS, FINAL DESIGN

The Whittaker Corporation structural analysis for the
90 mph hangar employed a strain-energy technique, and the
following equations were used:
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The mathematical solution of the above equations ylelided
the results for dending moment under 90 mph wind cendition
shown in Figure 40.

It should be noted that the results here are based on one
arch of 6"-8" depth, 50' width of span by 25' height (h/%
ratio = 0.5). As far as load intensity and wind pressure are
concerned, the results were compatidle with any standard
technical information availablz.’?

F. STRUCTURAL DETAILS, FINAL DESIGN

1. Design of Composite Module

From the above loading requirements it was decided that
a composite sandwich utllizing .042" fiberglass skins and 1.75"
thick paper honeycomb core be used 1n the form shown.

aow’ | 50

Using the following relationship,

1
6 -0 + sin2e 2(1 + cos20 ) )
2 1 1 1

= 3 -
2 1

the moment of 1inertia of the segment In q. Was found to be

In.a. = 95.55 in®

" !Seely and Smith, "Advanced Strength of Materlals," J. Wiley,

p‘ 704 !
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Therefore maximum bending stress induced into the structure
due to wind loading alone would have been

M 248000
Ob'-'fC’Wx 8.83‘4

= 22900 psi. < 24000 psi yleld.

In selecting the type of core, the skin was checked
against local buckling for different cell-size paper honeycomb.
Hexcel KP-1/2-80-(18)EDF was found to be satisfactory since
critical buckling stress in skin for this slze paper honeycomb
was:

3
b = Eg [Eﬁ ]2
“er 3 R
where Ef = Modulus of Elasticity of fiberglass, tf = Thickness
of fiberglass skin, and R = Radius of cell size.

. 1.5 x 10° L0.042 2 = 34500 pst
Hence, L 3 [0_25

2. Joints
a. Horizontal

For maximum bending moment on the arch, loads across panel
modules were worked out and consequently size and number of
"transfer pins" indicated earlier (Figure U41) were selected.
Edge extruslions on panels were checked against bearing due to
pin loads, and pins and skin/extrusion shear stress were
checked to be within acceptable limits, especially for hori-
zontal joints.-

b. Vertical

Vertical Jjoints (Figure 42) were designed to handle
load due tc shear caused by wind of frontal direction and
consequent rackling between arches.

3. End Walls
a. Fabric
A fabric end wall was designed for this structure. A
number of cables were selected to be tied to the fabric in ver-
tical direction to take tenslile forces created by sagging of

fabric in catenary manner. The sag of 15" was assumed for
such cables (sag ratio, 6 = h/% = 5%). Since the composite

51



ANRCRAFT MAINTENAMCE Dotk
UNU. of CINCILATL @ 12-JAD-6

CONTTIVVOLS ALUM.FLASHINV G
BSTREDS TRANEFER PIL%
G ASKET -

|

: TRESD TRANSF =
- w7
L (T Ry e =

_‘r

FASTELER. RELEPT\CLE

GASKET
ALOM . TLASHING
GUARTER.TURN) CASTEAIE R,

HORIZONTAL JOINT : FANEL LOCKING DEVICE
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arch construction designed was not adequate to withstand the
high concentrated lcads of the cables (10,850 pounds each),

a number of columns were chosen to be used behind such cables
and the fabric is to take the vertical load of the cables.
Figure 43 shows the locaticn of six vertical beams suggested.
They were designed to be pinned at both ends and the four
middle ones to be moved to the sides for the opening. Column/
arch fitting design is shown in PFigure U4i.

NRCRAFT AAABINICE ©OCK
UMK of GCIANTI 1IN, 67

8o'-o" 4

OPERATIVE FADRIC DoOR o 8 = |'-On
LEVATIONS : FADRIC END WALLS

Figure 43. Elevations: Pabric End Walls
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Figure 44. Fitting Arch to Vertical Beam

4, Base Pads and Arch Clamps

Since the arch modules were curved in section, appro-
priate clamping and locking mechanisms shown in Figure 45
were deslgned. The base bracket was designed as an aluminum
sand casting and would form a load-bearing base pad capable
of being secured to the ground by means of bolts or stakes.

5. Packaging

A number of packaging systems were investigated to accom-
modate pallets of specifled sizes "nd panel modules. The
systems considered were:
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a. Scaffolding System

This consisted of a shoped bed to accept the contour of
the panels, a pair of support spars supporting the bed (capable
of taking the "3G" load requlred), and four vertical rails
acting as a combination of support legs and lateral and verticail
load members with a number of stabilizing braces. A pair of
Dacron or steel straps with an attached contour block was also
used to hold the panels down. The straps had tension adjustment
take-ups. The details of this system 1s =hown in Figure 46.
As a scaffolding system the frames would be used as shown in
Figure 47,

The tubular members were 2" o.d. x .187" wall thickness
of 6061-T6 aluminum alloy.

/)/DAGQON OR STEEL
STRAP S ATTACIH ED TO
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Figure 46. Modular Erection Pallet
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b. Minimal Pallet Concept
In this concept two aluminum spars and rails contoured
to the shape of the panels were used as supporting bed, and

steel or Dacron strapping was used to hold the panels down.
Masonite or equivalent material was used at sides as protective
elements for the panels. Detalls of thils concept are shown

in Figure 48.
4" x .180 structural channels, 6061-T6 aiuminum alloy

was used for spars.

The welght of each pallet = 184 pounds.
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Minimal Pallet Concept

Figure 48.
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c. Wooden Module Pallet

This consisted of a base made of wooden ribs and surfaced
with 3/4" plywood to form the contour of the panels and a number
of vertical wooden or aluminum framing members to form an
enclosed pallet. Steel or Dacron strapping was used for enclos-
ing and securing the container. There were two versions of this
concept, one with all wooden parts and another with wooden base
rib and aluminum tubing for enclosing the sides. The details of
these two are shown in Figures 49 and 50. The weight of each
pallet = 160.5 pounds.

Structural analysis was carried out for all three types
to withstand the following loads per pallet:

Vertical 3 x@ = 9410 pounds
Lateral 1.5 x @ = 4706 pounds
Forward and aft 1.5 x G = 4706 pounds

B0 MopULES PER CONTAINER
sfcczatcj=::;$ﬁj% RO1S ¥gyuwu: ZZo6Z CVIFY.
7 PLAE" 13562 Lp.
GROSO WRIG YT WiTh RLLETS G165 LB

Pigure 49, Module Pallet, Wood
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Figure 50. Module Pallet, Aluminum

G. SUMMARY OF DATA

Followlng 1s the statistical information on the double
curvature concept hangar in the form reflected by final draw-
ings prepared by the Whittaker Corporation:

Packaged Volume: 1350 cubic feet
Erection Time: 150 man hours
Weight 18,400 pounds

Cost of a Complete Hangar: $144,000.00
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This cost estimate as of January 1967 was the most discour-
aging aspect of the program. At the time competitive bilds were
received on the collaborative engineering effort (III,C,pages 43
and 45) estimates of cost of a first unit hangar averaged approx-
imately $55,000 among the several bids received.

After the subcontract was awarded and as the work proceeded,
successive estimates of the cost of a hangar were requested
and received. The estimates rose 1in the following sequence:

September, 1966 . . . . . . . . . . . $76,000
December, 1966 e e e e e e e s e . 92,000
January, 1967 &« + 4 s« e « « . . 144,000

The first and second increases resulted primarily from the
determination that the modules would have to lncorporate
aluminum frames within the honeycomb sandwich and from the in-
creasing complexity of the horizontal and vertical joint con-
nectors resulting from more complete stress transfer analysis.

The third increase followed the fabricating and testing of
a full scale double curvature module. Fallure of the test ‘panel
in static test required further redesign and increased pro-
jected cost. '

This pattern of projected cost increases had an important
bearing on decisions reached at a design review January 12, 1967.

H. FINAL EVALUATION, DOUBLE CURVATURE PROGRAM

A meeting was held at Headquarters, Tactical Air Command,
Langley AFB, Virginia on 12 January 1967. The University pre-
sented the current state of development of the hangar program
and a thorough discussion followed. The double curvature fiber-
glass panel cconcept was generally conceded to be more complica-
ted than desirable. . Much of the apparent simplicity of the
initial studies had been lost in the detailed engineering and
analysls effort of the preceding several months. This complex-
ity was, for the most part, a result of the requirement that
the hangar resist 90 mph winds.

Plans for building a full size test arch and a full size
hangar at this time were set aside, and, via an Alr Force RFP
dated 6 February 1967, studies of improvements of the existing
concept and development of several new designs based upon re-
duction of the wind load requirement to 65 mph winds were
requested. A proposal covering thls work was submitted to the
Air Force on 27 February 1967.

One other point should be brought out at this time. A

tabulation was made by the contractor as to the impact on
critical statistics of the double curvature concept hangar of
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the elimination of the required rigid fixed end wall. This had
been a basic requirement since the initial statement of work.

The following reductions would be made possible 1if the
rigid end wall were replaced by a fixed fabric end wall:

Weight: 20% reduction
Erection Time: 10% reduction
Packaged Cubage: 17% reduction
Unit Cost: 19% reduction

Especlally significant here 1s the fact that in packaging
the hangar on U463L system pallets, the retention of the rigid
end wall made it highly improbable that the structure could
be packaged on the five pallets avallable 1n loading a C-130
aircraft to capacity. Substitution of the fixed fabric end wall
assured capabllity of shipping one complete hangar per C-130.
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REVIEW OF NEW CONCEPTS

The impact of reducing the wind load design requirements
from 90 to 65 mph was investigated. Significant cost, weight,
cubage and erection time improvements were the goals.

Before new concepts were considered, a study was made to
investigate possible improvements on the double curvature
concept resulting from the relaxed structural requirements.
It was found that the panel core thickness would reduce from
1-3/4" to 1.3". However, little significant change in fiberglass
skins was anticipated. :Due to the expense of fiberglass skins,
tooling, and special handling required, small cost reduction
could be anticipated.

It became evident that largest cost savings could be
achieved by the replacing of fiberglass with aluminum facings.
Since the double curvature configuration would necessitate
that each aluminum skin be stretch formed and consequently
make the overall cost prohibitive, several new hangar concepts
were generated.

A. SINGLE CURVATURE ALUMINUM SKIN CONCEPT

The first redesign consideration for the reduced wind
load conditions was to eliminate the double reverse contour of
the basic panel module in favor of a single curvature module
of 25'-0" internal radius. This configuration will necessitate
a thicker panel due to the loss of inertlia inherent in the
double curvature panel. Even though this would increase the
package volume, it would appreciably reduce the costs by pro-
ducing a stralght horizontal panel Jjoint.

-1. Hangar Size

The panel module remained 96" x 80" to be compatible
with the 463L pallet system. A hangar would be made up of 12
arch sections with 10 panels per arch section. Thus the hangar
size 1is 50' wide, 80' long and 25' high. (Figure 51)

2. End Walls

The openable and fixed fabric end walls are intended to
hold a basic design similar to those of the double curvature
hangar concept. The reduction in wind loading allowed for fewer
columns at each end. Four columns are adequate for each end
wall). and are interchangeable. The column size 1s reduced from
8" b'e 5" t0‘6" X u".

3. Panel Module

The single curvature modules are less efficient in bending
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Pigure 51. Single Curvature Concept

than the double curvature panels. This deficiency 1s, however,
overcome by using a thicker sandwich section. In addition, the
loading 1s reduced by a ratio of the square of the wind velocl-
ties: (65/90)2 = .523. Thus, the bending moments at 65 mph
are only about 52% of those encountered at 90 mph. This

allows the use of .025 aluminum skin on a 3-1/4" deep paper
core without any significant change in welght when compared
with the 90 mph panels. (Figure 52)

4, Horizontal Joint

More pins are needed to transfer the bending moment be-
cause of the lack of curvature. Also, the bending moment is
distributed evenly along the entire length of the horizontal
Joint rather than as a couple load at the extreme from the neu-
tral axis such as exists on the double curvatured panels. This
uniformly distributed bending moment (and shear) requires that
the pins and fasteners be likewlse uniformly spaced along the
entire horizontal joint. (Figure 53)

5. Vertical Joints

Vertical panel edges (arch to arch connections) are joined
by interlocking latches. The vertical latches can be spaced
along the vertical panel edge members so as to line up with
the end closure column fittings. This provides straight load
paths for the drag loads induced by a 65 mph wind blowing
along the hangar longitudinal axis. (Figure 54)
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6. Base Pads

Base pad brackets are not as complex as required for the
double curvature paneis bdbecause there is no curvature in the
horizontal panel edges. (Figure 55)

7. Erection

The erection procedure will remain the same as for the
double curvature concept. To briefly recap, ten panel modules
are assembled at ground level to form an arch with the end
modules pinned to the base brackets. The assembled arch will
then be raised into a vertical position approximately 1" from
the adjacent positioned arch. The arch belng raised will
be checked for rough alignment against the mating arch and then
moved horizontally 1" into its final position. Each base
bracket will contain a pivot and guide pin arrangement.
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Pigure 55. DBase Pad
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8. Supplementary Notes

A design very simllar to the Whittaker Corporation single
curvature concept was proposed by Goodyear Aerospace Corporation.
The primary diff'erence was that the panel skins were fiberglass
instead of aluminum. Thelr panel was made up of 2" thick,
half inch cell size 125 pound paper honeycomb core, .042 inch
skins of filberglass fabric laminate and aluminum close out ex-
trusions. Preliminary cost estimates far exceeded the cost
goal. However, some deslign detalils generated by this effort were
of interest. The vertical (arch to arch) panel edges are Joined
by interlocking extrusions that have integral seals. (Filgure
£6) Closing of this Jjoint depends upon raising the arch being
erected and lowering it to interlock wlth the previously
erected arch. (Figure 57) This raising and lowering operation
requires a jacking device. A device was proposed that could
be moved from arch to arch as required for ercction. This re-
duced the impact of designing each base pad to perform this Jack-
ing operation. (Figure 58) As shown in this drawing, a brack-
et 1s bolted to the base arch panel and moves on rollers in order
to overlap one arch over another. Bolting through these panels
would require special panels and a means to seal the holes
after erection. Therefore, another means of transferring the
arch load to the Jacklng device would be desirable.

VERTICAL JOINT

0042

.H'Jﬂ'fyﬁ

/]
A
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GOODYEAR ARROSPACE

Figure 56. Vertical Joint
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ERECTION SEQUENCE

POSITIONED AND JACK EXTENDED ARCH LOCKED AND SEALED

GOODVEAR AEROSPACE

Figure 57. Erection Sequence

ARCH POSITION BEFORE LOCKING

Pigure 58. Jacking Device
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Anothe:’ concept was briefly studlied by the Whittaker
Corporation. This design embodies a V-shaped panel module_in. .
which no curvature 1s present. (Figure 59) This increases
the basic moment of inertia (much like the double curvature
panel) which enables a thinner core to be used with a resul-
tant lower welght and smaller packaging volume than the single
curvature version. 1In effect this exercise reopened considera-
tion of Concept "D-1" discussed on page 33 and illustrated in
Figure 33.

The V type panel has a similar weight and volume to the
double curvature panel. However, initial analysis indicated
that an increase 1n panel thickness 1s required at th2 V junc-
tion along the vertical center of the panel. A thicker sand-~
wich construction in this area would cause considerable
stacking problems as well as manufacturing difficulties.

Figure 59. "VEE" Panel Module

B. DOUBLE BEND STRAIGHT PANEL CONCEPT

Efforts to reduce costs of the double curvature panels and
high package volume of the single curvature panels without
degradation to the high moment of 1inertia inherent with the dou-
ble curvature panels led to the following design considerations:

1. Panel Module (Figure 60)

A panel that 1is straight in the erected vertical direction
and double "bent" in the horizontal direction was designed.
The resultant hangar configuration (Figure 61) is similar
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to the double curvature concept configuration. The ends are
angled at 9* to form a complete arch when 10 modules are as-
sembled. A preliminary stress analysis indicated that an over-
all depth of 14" would equal the double curvature panel moment
of inertia, with .032" aluminum skins to resist a 90 mph

wind load and .020 skins for a 65 mph wind. Doubles are
required at the "bent" corners. The panel core is 1-3/4"
paper honeycomb for both wind load conditions.

2. Vertical Joint (Figure 62)

An arch to arch panel locking system was proposed that
would enable all arch assembly and erection handling to be
completed from ground level.

r ]
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ATTACHED AT BATE
KIYLOW WEAR BRACKETS (PLACED
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Pigure 62. Vertical Joint
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A continuous cable is installed (after the assemdbly of
the modules at ground level) to the outside face of a flashing
that 1f in turn attached to four spring-loaded fittings assem-
bled to each module. The cable will then be loosely attached
to the base brackets on each side. The arch will then be raised
into the vertical position and moved horizontally into 1its
final position against the adjacent erected arch. By applying
tension to the cable, the flashing and seal will be pulled
agalnst the vertical edge and provide a weather seal. The
aforementioned fittings serve also as a catch that will engage
and restrain longitudinal movement.

3. Horizontal Joint (Figure 63)

The horizontal panel to panel Joint 1s assembled by
interlocking stress transfer pins and latching the quarter turn
fasteners.

Figure 63. Horizontal Joint

4. Corner Weather Seal (Figure 64)

A method of weather sealing at the four corner panel to
panel and arch to arch joints was porposed. The vertical seal
overlaps a portion of the horizontal seal.

C. PANEL WITH INTEGRAL RIB CONCEPT

Concepts discussed prior to this one have been baslcally
"shell"™ types of structures - that 1s, the panel modules
when assembled form a smooth, continuous thin shell arch con-
figuration which provides the structural integrity of the
hangar structure.
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These "shell" type panel modules present two basic problems.
First, they require elaborate manufacturing controls to ensure
structural integrity. This tends to boost costs. Second, their
thickness required to provide an adequate moment of 1lnertia
results in excessive volume required for packaging.

This "Panel Concept" represents an investigation of a
system involving ribs and infilling panels. The ribs are the
primary structural elements and the panels simply span from
rib to rib. The panels then can be less than 1" thick which
appreclably reduces package volume for storing and shipping
purposes.

1. Panel Module

In this concept the structural ribs are integral with the
panel modules. (Figure 65) The ribs are contoured in such a
way as to nest to reduce stacking height thus achlieving a pack-
age mode volume appreciably less than the shell type panel
concepts. The ribs are extruded aluminum and lock together
with interlocking hinges. The panel portion has aluminum skins
over a 5/8" paper honeycomb core.

2. Erection

Ten panel modules assemble to erect an arch of 50! span
and 25' height. Twelve arch sections make up a barrel vault
80' long. (Figure 66)

3. Vertical Joint

The vertical (arch to arch) Joint is sealed by the inter-
locking of the panel side structural ribs as an arch 1s raised
into a previously erected arch. The structural rib on one side
of each panel module 1is smaller than the rib on the other
side such that when they interlock and seal the flat portion
of each adjacent panel 1s in the same plane. (Figure 67)

4, Supplementary Note

Preliminary analysis indicated that it would be difficult
to provide enough stiffness in the panel structural ribs to pre-
vent bending of rib flanges when subjected to design load
stresses.

Shear flow in the proposed rib shape would cause the rib .
to open and deform. (Figure 68) An elaborate locking mechanism
that would have to be attached to the underside of the erected
arch would have to be used to form a closed stable arch rib
frame.

78




9TNPOW QTFH pur Taueg .mm 9anITY

SHOLIINMO? FdAL FEMNH TYHNTILMN

T HIUMOTIVE SPNODAET™MON
vl ﬂ_;‘-ﬂ.z

SR VNS
~Waraln

79






TN IS e

Pigure 67. Vertical Joint

Figure 68.

Arch Rib Deflection
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D. BEAM, PURLIN AND SHEATHING CONCEPT

The panel concept discussed previously pointed out 4diffi-
culties encountered with trying to design a single component
to perform both structural and sheathing functions. PFollow-on
investigation indicated that considerable savings could be
effected in packaged volume and fabrication cost by designing
separate components to perform the various functions.

One such concept considered was generated by a study of
a structure manufactured by Live Structures, Inc. in Stratford,
Connecticut. This structure, as developed by Live Structures,
consisted of 3-1/4" x 8" wood arch ribs spaced 8' apart with
1-1/2" aluminum tube purlins and 3/8" plywood sheathing.
(Figure 69)

1. Erection

First, ten beam sections are assembled into an arch rib
on the ground. Two such arch ribs are raised into a vertical
position and tied in place by guy ropes. Then, starting at
ground level, the aluminum purlins are attached to the arch
ribs forming a ladder for use in carrying subsequent purlins up
for attachment. When the purlins for one arch section are
attached, the panels are pulled up over the arch and the arch
to arch flashing is pulled over the arch beam and tied down.
(Figures 69 and 70)

2. Erection Time

Erection time for this hangar concept was estimated by
reviewing each step in the erection process. The erection of
a hangar that is 100! long, including one rigid end wall and
one fabric end wall, requires 102 man hours. For an 80' long
hangar 94 man hours are required for erection. An 80' long
hangar with two fabric end walls would require only 82 man
hours for erection.

3. Package Volume

The package volume for this concept was estimated to be
1300 cublc feet for a 100' long hangar and 1125 cubic feet for
an 80' long hangar. Note that as far as package volume is con-
cerned, two hangars could be shipped on one C-130 alrcraft.

4, Hangar Weight

Estimated weilght of a 100! long hangar is 26,500 pounds and
for an 80' long hangar is 22,600 pounds. These weights far
exceed design goals and approach the maximum load for long dis-
tance C-130 flights. However for an 80' long hangar without the
rigid end wall and packaging the welght could be reduced to
20,000 pounds. Pollow-on investigations, reviewed in Section
VI, achieved greater weight reductions by use of aluminum beams
instead of wood beams.
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Figure 69. Beam, Purlin and Sheathing Conc



Figure 70. Erection Sequence
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5. Beam Test

In an effort to reduce weight of the arch beam sections,
a wood and aluminum composite beam was fabricated and test
loaded. The beam to beam hinge joint was fabricated using 2"
x 10" lumber, 1/4" aluminum plate top and bottom and steel
hinges. (Figure 71) (This type of steel hinge is developed
further in Section V). The hinges and aluminum plates were
attached to the wood beams with lag screws. The Joint failed
at about half of the design loading due to buckling of fthe
hinge under compression which pulled out the lag screws.

Figure 71. Composite Beam Test
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6. Beam and Purlin Mock-Up

A brief study of the method of attachment of purlins to
the center of wood beams was made. Figures 72 through 78 show
two systems of purlin attachment. In both systems the purlins
pass through the center or neutral axis of the arch ribs. This
is an improvement over the "Live Structures" concept which
attaches the purlins flush with the top of the arch ribs thus
reducing the effective depth of the beam section.  In one
system the purlin ends are attached at the beams. In the other
system the purlins pass through the beam ahd are attached to
each other by means of a sliding sleeve with set screws. It was
hoped that the second system would contribute to the stability
of the structure by the continuity of the purlins. However,
the slip tolerance required to slide the purlin through the
beam reduced the effectiveness of this system. Therefore, the
first system was proven to be the best because it required
fewer steps for connection.

7. Supplementary Notes

This hangar concept exhibits improvements in package
volume and manufacturing complexity over previously discussed
concepts. However, problems anticipated in the erection pro-
cess and structural stability require further investigation.

Figure 72 Figure 73
Beams with Center Holes Purlin Attached to Beam
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Figure T4
Purlins Spanning Beam to Beam

Figure 75 Figure 76
Purlins Pass Through Beams Center Sleeve
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Figure 77 Figure 78
Center Sleeve Attached Purlins Continuous at Beams

E. PANEL AND BEAM CONCEPT

This concept was generated by a continuing investigation
of the beam, purlin and sheathing concept. Since the purlins
did not provide the required structural stability to the hangar
arch ribs, the sheathing panels must be relied upon to do
the job. With this additional requirement of the sheathing
panels, i1t 1s proposed in this concept that a structural panel
be used in lieu of both purlins and sheathing panel. Also
mock-up studies of erection techniques generated a structure
with double arch ribs.

1. Third Scale Mock-Ups

A one third scale mock-up was fabricated for testing
various erection methods. The arch ribs were made from 2" x
4" lumber and the joints were connected by inserting pins into
strap hinges which were located on the top and bottom of each
Joint.. Each erection method was tested with wood purlins and
then with panels made from 1/4" Technifoam which had a poly-
urethane foam core and paper skins. In all three cases the
arches with the panels were much more rigid and easier to
work with during erection.

The first erection method tried consisted of assembling
the whole arch on the ground and pulling it up with the use of
poles and cables. (Figure 79) The force needed to 1lift the
arch in this manner would require a large hand winch well
anchored in the ground. The two poles needed for pulling up
the arch would have to be 25" long which would make working
with them awkward.
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Figure 79. Whole Arch Tip-up Sequence

The second erection method tested consisted of assembling
one half of an arch on each side of the hangar and raising
each half independently until they met in the middle or apex
of the arch. (Figure 80) The arch was most difficult to
raise by this method and the apex connection 25' in the air
would be difficult to make.
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Figure 80. Half Arch Tip-Up Sequence

The third erection method tested consisted of raising the
arch progressively as each panel module was attached. (Figure
81) The arch remained most stable during this erection sequence
due to the fact that it acted as an arch throughout the
erection. This method required least effort and tolerances
required for erection were least critical.
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Figure 81. Progressive Arch Raising Sequence

2. Full Size Mock-Up

The third erection method previously mentioned was further
investigated. A full size arch mock-up was fabricated for
testing to get a more realistic appraisal of the problems
involved during erection. (Figure 82 A,B,C,D)

The arch ribs were fabricated from 2" x 8" lumber and con-
nected at the Joints by inserting pins into strap hinges top
and bottom. Panels were 1/4" Technifoam, with epoxy impreg-
nated paper skins, nailed to an 8' x 8' wood frame.

The winch erection device had several deficiencies. First,

the spacer bar on the ground had to be dismantled after comple-
ting each arch in order to move it on to the next arch to be
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Figure 82. Full Size Mock-Up Erection
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Figure 82. Full Size Mock-Up Erection
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erected. It was found that, due to friction between the side
posts and the ground, the ground bar was not required. The
height and width needed to be increased to allow more clear-
ance for the arch. Also, the winch device was unstable when
the end of the arch being raised was close to the ground.

A second winch device, or gantry, was mocked-up out of
lumber. It omitted the spacer bar on the ground, increased the
size, and braced against rocking. (Figure 83) For the final
hangar system this gantry will be fabricated from aluminum
sections for greater strength and durability. The side "A"
frames and top horizontal bar would be demountable in order
to fit into the hangar package and be compatible with the
463L pallet system.

Figure 83. Revised Erection Gantry

This erection method required that the hangar arches have
a space between them to allow room for the erection gantry.
These arches are then connected together with variable length
spacers. These spacers allow for variations in terrain and re-
move the need for elaborate leveling devices on the foundation
pads. They also function as a ladder by which any arch panel
can be removed for repalrs and counter flashing can be installed
over the spacer gap between arches.

To briefly recap, the erection procedure would be:

a. Assemble arch modules by attaching beams to
each side of the panels. (Figure 84)
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b. Erect an arch by assembling 10 arch modules in
sequence using the erection gantry. (Pigure 85)

¢c. When two arches are erected, connect arch to
arch by locking spacers. (Figure 86)

d. Pull counter flashing over the arch and tie down
at base pads to seal gap between arches. (Figure 87)

The beam and panel concept configuration and erection
method are shown in Figure 88.

3. Evaluation of Concepts

Estimated package volumes, erection times, weights and
costs for the concepts discussed 1in this section are compared
with these statistlics for the Double Curvature Concept in the
Following chart:

VOLUME ERECTION TIME WEIGHT COST
CONCEPT CU. FT. MAN HOURS POUNDS DOLLARS
Double Curvature 1350 150 18,400 144,000
Single Curvature 2120 150 19,000 90,000
Double Bend 1350 150 18,000 110,000
Integral Beam 900 80 17,500 80,000
Beam, Purlin and 1125
Sheathing 1125 82 22,600 Lo, 000
Panel and Beam 1175 85 18,000 45,000

The single curvature and double bend concepts mace im-
provements over the double curvature concept only in the area
of costs. Thelr erection times and costs remain far too high.
Problems inherent wlth these concepts are:

a. The arch to arch connectors are complex, expensive
and do not provide much tolerance for locking. This problem
of misalignment would be amplified during the erection process
under windy conditions.

b. Close tolerances required in these arch connectors
would require elaborate leveling devices on the base pads.

¢. If a panel module in the middle of a hangar 1is dam-
aged, nalf the structure would have to be dismantled to replace it.

The panel wlth the Integral Beam Concept provided signifi-
cant improvements in package volume and erection time duc to
the efficlent stacking of panel modules and the 1mproved erec-
tion techniques. However, it was proven to be an impractical
concept due tc the problem of the structural rib deformation.

The beam, purlin and sheathlng, and the beam and panel
concepts exhibited the most promise from the standpolints of
volume, erection time and cost. If one of these concepts could
be reduced in welght to 14,000 pounds, it would be possible to
ship two hangars on one C-130 aircraft.
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Figure 84
Assembly of Arch Modules

Figure 85
Progressive Arch Erectlon

Figure 86
Arch Spacer Connection

Figure 87
Pullover Fabric Center
Flashing Sectilon
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CONFIGURATION VARIATIONS:
HANGAR AND GENERAL PURPOSE SHELTER

One characteristic of the segmental arch (beam and panel
concept) 1s the capability of achieving variations in shelter
configuration. These variations can be achleved by changing
the number of panel-beam modules and by changing the angle at
their points of attachment.

A. POSSIBLE VARTATIONS

This study of configuration variations generated an im-
proved hangar configuration and demonastrated the feasibillity
of adapting standard hangar components to a smaller general
purpose shelter.

l. First, three variations that were based upon components
of the 50' spzn by 25' helght by 80! long hangar were investi-
gated. (Figure 89) The small configuration could be adapted
to use as a personnel shelter. The intermedlate size config-
uration cculd be used as a general purpose shelter, and the
larger configuration could be used as a warehouse or general
assembly shelter.

An analysis of these structures indicated that the medium
Or general purpose slze was practical structurally. The change
of angle from the side wall arch beam to the roof arch beam.
tends to Increase - 1» tresses at these points. Since the
medlum size shelt:. . appreclably smaller than the hangar, the
stresses at these ".nee" jolnts are within the allowable limits
of the standard joint design. The smaller configuration
provides a much heavier structure than 1s required for such a
small building.

2. The 25' high hangar configuration is 8' higher than
the tail of the F-4 aircraft for which 1t is designed. It was
observed that if only nine panel-beam modules are assembled
into an arch, 4' of clearance can be provided. (Figure 90)
Since thils 1ls adequate clearance, a study was made of variations
of this confizuration. (Figure 91) Two problems are presented
iIn this new hangar configuration. First, the horizontal position
of the top panel-beam module causes water dralnage prob-
iems. This could be offset by sloplng the panels down from
the center of each beam. Second, the new configuration does
not provide the required 5! wing ftip clearance. Therefore, the
arch span would have to be 1lncre¢ased to provide thls needed
clearance.
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B. NEW HANGAR CONFIGURATION

The lower height hangar configuration was investlgated
to provide the required 5' wing tip clearance.

1. The nine beam-panel module hangar configuration has a
58'-2" arch span. (Figure 92, left side) The panels would have
to be sloped down from the center of each arch beam in order
to provide water drainage on the top horizontal beam-panel
module. This made water proofing the counter flashing more
difficult because of the variations of dimenslon from panel
surface to top of beam.

2. By reducing the arch beam length from 8'-5" to 7'-7"
a ten beam-panel module hangar configuration 1s achieved (Fig-
ure 92, right side). In this scheme the panels can be parallel
to the beams and provide the required watershed.

Advantages of the 20' high x 58' span hangar conflgura-
tion over the 25' high x 50' span hangar are:

a. A 5% reduction in shelter weight
b. Reduced stresses 1n beams due to lower height

¢c. Reduction 1in enclosed volume by getting rid
of unused height

d. Increased usable floor area

C. GENERAL PURPOSE SHELTER

As pointed out 1n paragraph A of this section, interme-
dlate size shelters assembled from standard hangar components
are structurally practical.

At a meeting at Headquarters TAC, 8 August 1967, the
basic decision was made to design the general Purpose Shelter,
utilizing the same components as used in the Panel and Beam
Hangzar. The design of the General Purpose Shelter was a task
under Contract F33615-67-C~1259, and preliminary work is
covered under the final report of that contract.

Because of the commonallty of nasic elements between the
two shelters resulting from this design decislon, reporting
of, detalled design, fabrication and testing of the General
Purpose Shelter from this point on 1ls covered 1n this report
and will parallel dlscussion of the same phases of the hangar
program.

Methods for achleving the General Purpose Shelter con-
figuration using standard hangar components-were investigated.
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1. Ground Conditions

The condition where the beams and panels meet the ground
is essentially the same on both the hangar and the General
Purpose Shelter. (Figure 93)

The base arch beams pivot on a pinned attachment to the
base pad. This allows a simple ground skirt close-out between
panel and ground to weather seal the side wall at any angle.

2. Knee Joint

Two methods of making the transition between the side
wall and roof were investigated.

a. The side wall arch beam could be fabricated to
have the special angle required to attach to the roof arch
beam. (Figure 94)

Also the distance between the side wall panel and the
first roof panel increased because of this greater angle. This
could be flashed out by increasing the length of the roof
panel down-hill flashing. In this system both the base arch
beams and the first roof panels would be special in that they
could be used only on the General Purpose Shelters.

GEN). TR S H SIDE WALL
PAN) AR <IN E WAL

Figure 93. Ground Condition
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Figure 94. Knee Joint with Special Beam and Panel

b. The other method of making this knee joint
transition consists of using all standard hangar beams and panels.

A "hinge 1ink" would be added between the top beam hinges to
achleve the angle required. Also the first roof panel could be

flashed to the side wall panel by inserting a knee flashing
strip to provide the additional length required. (Figure 95)

3. End Wall
The end wall for the General Purpose Shelter, because of
its configuration, would necessitate the use of special com-

ponents. (Figure 96)

The .impact of special end wall components can be minimized
by use of fabric flashing to close-out slde wall and door head

openings. (Figure 96, left side)

A completely hard panel end wall can be achieved by use
of special panels at side wall and door head openings.

(Figure 96, right side)
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VI
PROTOTYPE ARCHES

Prototype arches of both the Beam and Panel and the
Beam, Purlin and Sheathing concepts were fabricated. The Beam
and Panel concept 1s described in Section IV, Paragraph E,
and the Beam, Purlin and Sheathing concept is described in
Section IV, Paragraph D.

A. DEVELOPMENT OF COMPONENTS

Development of components used in the prototype arches 1s
covered in this paragraph.

Further refinements made on many of these 1tems are covered
in discussions of the first and second full size hangar pro-
totypes in Sections VII and VIII respectively.

1. Structural Schematic

Identification of the components that make up a Beam and
Panel arch, and a Beam, Purlin and Sheathing arch 1is shown
in Figure 97.

PL{WOO O SHEATNIV &
SPALERS

SAIDMICH MARELS

ARCH RIE

Ae LY

PURLILS

Flgure 97. Structural Schematic
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2. Structural Loadings

Structural analysis was performed, using the Matrix method
and the results were verified by Straln Energy Technlques,
The details of analiysis are in Appendix A.

The hangar structure was analyzed for the effect of wind
loads, full snow loads and half snow loads.

a. The effect of wind forces on the structure 1s as
indicated in Figure 98 and intensity of lcading varies fiom
zone to zone.!

Dynamic pressure:

q = 0.0256 v = 10.8 lbs/sq ft

Figure 98. Wind Load Distribution on Structure

Equivalent statlc pressure 1is:

p =cdxq

For 20° <@ < 48°, cd1 = 0.52
For 48° <9 < 132°, cd2 = 1.07
For 132° <6 < 160°, cda = 0.5

!Transactions of ASCE, Vol. 126 II, p. 1153, 1961.
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Therefore:
W = cdl x q =0.52 x 10.8 = 5,6 1bs/sq ft
W = cd2 x q=1.07 x 10.8 = 11.55 lbs/sq ft

W = cd’ Xx q =0.50 x 10.8 = 5.4 1bs/sq ft

The arch rib is made of ter stralght "I" section beam..
Panels, nominally 4' x 8', are attached to arch ribs by means
of two camlozks at each end. Therefore loads from panels
are transferred to the ribs by means of locks as point loads,
and these loadings are shown in Figure 99.

W2

Wa

Figure 99. Load on Camlocks

The structure is designed for 65 mph winds and a 90 mph
gust. Therefore the appropriate loadings are as follows:

W=wx = B8.88w

(8'-2" + 1'-3"¥) (3'-9 1/2")
4
¥ Including effect of spacers

For different wind velocities, wind and camlock loads are shown
in Table II.
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TABLE II. Wind Loads and Corresponding Ccam Lock Loads

M.P.H. LBS.SQ.FT POUNDS
WIND VEL. q W) W2 Wy N; Wz W3
65 10.8 5.6 |11.55] 5.4 k9.7 102.5 4g.o -
90 20.7 110.75]22.2 |10.35 | 95.5 197.2 92.0

. Two cases of snow loading on the hangar structure
were investigated:

Case I: Snow or ice forming on all of the structure.
(Figure 100)

Case II: Snow cr ice forming only on half of the
structure. (Figure 101)

20 !b=/53_. 0t 2::“'?*'5; M. |

Figure 100. Full Snow Loaa Figure 101. Half Snow Load

Maximum arch rib moments for wind and snow load conditions
are shown in Table III.

TABLE I1iI. Mazximum Moments in Arch Ribs

LOADING CONDITION MAXIMUM MOMENT IB.IN.
65 mph wind -42099
90 mph wind -80758
Full snow 40316
Half snow 79242

3. Arch Rib Beam

Two "I" beam sizes were analyzed that possessed the re-
quired structural properties.
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~a. The fivrst beam was a standard 3.43 1b/ft 6061-T6
alloy aluminum "I" beam. (Figure 102)

Vertical and horizontal deflections and maximum beam stress-
es for wind and snow loadings are shown in Figure 103.

b. The second beam was a speclal beam designed 1n an
attempt tc reduce the overall hangar welght. It welghed 2.58
1bs/ft and would be made of 6061-T6 alloy aluminum. (Figure 104)

Arch deflections ané maximum beam stresses ar:s shown in
Figure 105.

Aluminum with a 6061-T6é alloy has a yleld strength of
35,000 psi and a working stress of 25,000 psl and was adopted.
Therefore the factor of safety for the two beams discussed
above are:

a. Standard 3.43 1b/ft beam, 65 mph wind = =3 32 = 2.65
_ 25030 _
Standard 3.42 1b/ft beam, 90 mph wind = T = 1.5
_ 25000 _ 4
b. Special 2.58 1lb/ft beam, 65 mph wind = 15600 - 1.98
, - 5000 _
Special 2.58 1lb/ft beam, 90 mph wind = 53000 - 1.09

Due to the low factor of safety and %the difficulties 1in-
volved in purchasing the special 2.58 1b/ft beam, the standard,
3.43 1b/ft beam was chosen for use on the first prototype
hangar arches.

= r——"7 I

AREA =292 1nt
L= 12.260 | l
wr=3 4315/ (]
i
f——“‘J L"“) Q

Figure 102. Standard "I" Beam
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Figure 103.

Standard Beam-Arch Deflections
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Figure 104.

Special "I" Beam




20 b /g 1.

Figure 105. Speclal Beam-Arch Deflectilons

4. Hinges

Two types of arch beam hinge connectcrs were designed and
tested.

a. The first type was a "strap" hinge made up from
flat steel plates which have slots punched into them before
they are bent over to form a hinge leaf. (Figure 106)

Slots are cut 1nto beam ends and the hinge leaves are
slid over the beam flanges. The inside hinge leaf strap "egg-
crates" with the beam web, and the hinge leaf i1s bolted to the
beam flange using beveled washers. (Figure 107)

Advantages of thls type of hinge are:

1.) a minimum amount of steel 1s required because of
efficlient distribution of stresses and
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Figure 106. Strap Hinge
2.) the attachment bolts are placed in double shear thus
reducing stresses on the bolt and providing even bearing on
the beam flanges.

The disadvantage that made this hinge impractical was the
difficulty involved in providing the close tolerances required
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Figure 107. Stranp Hinge Assembly

between hinge noses and beam flanges. Slight 1naccuraciles in
cutting the beams and mounting the hinges result in a joint
with too much play. Thils play would not result in a fallure of
the beam connection but would amplify deformatior of the arch
when loaded.

b. The second type of hinge developed was made from
steel forgings. The first hinges of this type tested were
simply machined from type 1020 steel and were not heat treated.
(Figure 108)

They were mounted on two aluminum beamis and tested with
strain gauges mounted on the hinge knuckles. Although the stress
was not carried to the yleld strength of the steel, the form of
the stress-strain curve indicated an undesirable deformation
before yield. (Figure 109)

The second hinges tested of this type were forged and ma-
chined using C-1045 steel hardened to a Rockwell of 34. (Fig-
ure 110) The flexure test, mentioned above, was repeated for
these hinges. They were loaded up to 24,000 1bs. without any
sign of yielding. (Figure 109) Since the design load across a
hinge at a 90 mph wind is 14,200 1lbs., a more than adequate
factor of safety 1s assured. Dimensions of this hinge, which
was used on the prototype hangar arches, are shown in Figure 111.
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Figure 108. Machined Hinge
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Figure 109. Load Characteristics of Hinge Connectors
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Figure 110.

Forged Hinge
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Figure 111. Hinge Dimensions
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Figure 112. Steel Spacer
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Figure 113. Panel Camlock
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5. Spacers

Requirements for the arch to arch connector spacers
(Figure 97) are:

(1) They should be permanently attached to the arch
beams and hinged to fold into the beam to permlt
efficient stackling of beams for packaging.

(2) They should be variable in length in order to
adjust for changing arch to arch dimensions
caused by 1irregular terrain.

(3) They must lock to adjacent arch rib beams and
be capable of resisting the welght of men using
them as ladder rungs. They must also resist a
500 pound maximum compression load at the arch
ridge due to wind loading on the hangar end wall.

A steel spacer was designed (Figure 112) and used on
the prototype arches. It incorporated a threaded portion for
achleving variations in length and a spring-loaded locking
device for locking to adjacent arch rib beams.

A much less complex, all aluminum, spacer was developed
for use on the first full size prototype hangar. (Figure 153)

6. Panels

Preliminary analysis indicated that a 5/8" thick panel
with .046" thick aluminum facing sheets would be required. A
3/4" panel thickness was found to be practical in that skins
could be lighter and a 5/8" thick "camlock" type connector
could be incorporated in the panel edge. This camlock, manu-
factured by Simmons Fastener Corporation under the trade name
of "Dual-Lock", was found to be a very efficient means of
attaching panels to beams in terms of strength and ease of
operation. (Figure 113)

Materials investigated as potential sandwilch panel com-
ponents were:

(1) Skins materials
(a) .050" thick aluminum
(b) .040" thick aluminum
(e) .030" thick aluminum
(d) 28 gauge stainless steel

(2) Adhesives
(a) 3M #2226 contact adhesive
(b) Dow epoxy #QX3828 and DEH 14
(c¢) Dow epoxy Der 330 and DEH 14
(d) 3M epoxy #2216
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(3)

Core materials

(a) Dow 6 pound density Styrofoam
(b) Dow 2-1/2 pound density Styrofoam
(c) Dow PVC Robb Core

(d) Stolle 1-1/2 pound density Styrofoam

Test panels 1' wide x 8' long were made of combinations

of the above mentioned materials.

They were loaded with 16 1b/

sq ft and midspan deflections were read at regular intervals
Data on these panels and compara-
tive maximum deflections are shown in Table IV.

for 48 hours.

(Figure 114)

TABLE IV. COMPARATIVE PANEL TEST DATA
Panel| Skin Material Core Material Adhesive eflection
No In.,
1 .050" al 5/8" 6# foam 3M #2226 1-1/2
2 .050" al 5/8" 6# foam#* 3M #2226 1-3/16
3 .050" al 5/8" Robb Core Dow #QX38281] Failure
L 28 ga. st. stl. | 5/8" Robb Core Dow #QX38281 Failure
5 .050" al 3/4" 2-1/2# foam| 3M #2226 5/8
6 .050" al 3/4" 2-1/2# foam| Dow DER 330 5/8
7 040" al 3/4" 2-1/2# foam| Dow DER 330 3/4
8 .032" a1l 3/4" 2-1/2# foam| Dow DER 230 15/16
9 28 ga. st. stl. | 3/4" 2-1/2# foam| Dow DER 330 13/16
10 .050" al 3/4" 2-1/2# foam| 3M #2226 15/16

®¥The core for this panel was reinforced with a 5/8" x 5/8" x

1/8" aluminum channel.

1' x 8¢

Figure 114.

Panel Tests
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Conclusions reached from these comparative tests wetre:

11)_ The addition of reinforcing channels in center
: of* panel cores does not add significantly to
the strength of a thin panel.

(2) The stretch—formed 5/8" PVC "Robb Core"

' material used. J.n;panels 2 and 3 was experimental
and only avallable' in 2' lengths. The panels
failed due to. comQressive skin buckling at the
points where the core materials were discontinuous.

(3) The 3/4", 2-1/2 1b. density Styrofoam used in
panel 5 was an improvement over the 5/8" 6
pound density Styrofoam used in panel s

(4) PFor normal temperature conditions, the far more
economical neoprene contact type (#2326) adhe-
sive performed as well as the epoxy type adhesives.

(5) The .032" al, skins are adequate. Also they are
lighter and less expensive than the stainless
steel panel skins.

Consequently the panels for the prototype arch were de-
signed incorporating: 3/4%", 2-1/2 pound density Styrofoam, 3M
#2226 contact adhesive and .032" aluminum siins. The conflgura-
tion and detalls of this panel are shown in Figure 115. The
3M #2226 adhesive was changed at the recommendations of the panel
manufacturer to Pittsburg Plate Glass #426 neoprene adhesive.
This adhesive was more compatible with the manufacturer's fabri-
cating techniques, and comparative tests indicated that both
adhesives possessed equivalent structural characteristics.

Static dynamic and thermal tests were performed on full
size panels incorporating Styrofoam, paper honeycomb and balsa
wood cores. These tests are discussed in Section VI, Para. D.

7. Purlins and Plywood Sheathing

An aluminum purlin and plywood sheathing system was inves-
tigated as an alternative to the rigid panels. (Figure 97)
The rib beams, hinges and spacers are the same for both arch
designs.

The Beam, Purlin and Sheathing concept, discussed 1in
Section IV, Paragraph D, was the basis for this investigation
of the purlin and plywood sheathing system.

A detalled comparison of the purlin-plywood and the panel
systems can be seen in Figure 116. Two plywood panels are
attached to four aluminum purlins which are, in turn, attached
at each end to arch beam sections. The purlins attach to the
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Figure 115. Prototype Arch Sandwich Panel

arch beams by means of the spring-loaded clip device shown in
Figure 117. This device was difficult to operate and was modi-
fied to incorporate a spring and a clip on the purlin ends.
(Figures 118 and 119) Note that the spacer locks to the beam
in the same manner as the purlins.

Each sheet of plywood attaches to the purlins at four
places with "Velcro" straps as shown in Pigures 116 and 117.

Compared to the sandwich panel system, the purlin and ply-
wood system has several deficiencies. To be comparable in
welght to the sandwich panels, 1/4" plywood would have to be
used. 1/4" plywood 1s not strong enough to carry the weight
of men walking on them.

Due to promising developments on the rigid sandwich panels

and deficlencies noted in the purlin and plywood development,
the sandwich panel system held the most promise for carrying
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through to the complete arch static tests covered in Paragraph
C of this Section.

WELC RO i
ATTACHMENT
STRAP '

~_ /4 pirwoon
12" ¢ ALUM . PURLIU

Figure 117. Purlin and Sheathing Detail

Figure 118. Purlin Detached Figure 119. Purlin Attached
from Beam to Beam
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B. TEST ERECTION

The prototype hangar arch was erected at the University of
Cincinnati in November, 1967. Four men were able to erect the
arch in 45 minutes or three man-hours. Therefore, the structure
for an elght arch hangar could be erected in 24 man hours.
Adding estimated man hours for laying out base pads, flashing
panels and installing end walls results in a possible overall
erection time of 75 man hours.

The sequence of erection steps was:

1. Assembly of Erection Gantry

For thls test erection, the temporary wooden gantry
was used. (Figure 120) A more durable aluminum gantry was
fabricated. It could be disassembled for packaging and was
delivered with the prototype arch to assist erection for the
arch static test.

2. Base Pad Layout

The base pads are laild out and staked down. The base
arch beam sectlions attach to the base pads by passing a bolt
through the beam web and two base pad angles. (Figure 121)

3. Attach Panels to Beams

A panel is locked to a beam by inserting an Allen wrench
into a panel cam lock and rotating the cam to engage the
receptor pin which is mounted on the beam web. (Figure 122)

4. Attachment of Erection Gantry

With two arch beam top hinge pins engaged, the ends of
the gantry 1ifting cables are clamped to the top beam flanges.
(Figure 123)

5. Ralsirg the Arch

The portion of the arch previously assembled 1s raised
with a hand winch until the bottom beam hinges engage. (Figure
124) The bottom hinges are pinned, and the gantry 1lifting
clamps are removed.

6. Completed Arch

The above steps are repeated until the arch 18 completed.
(Figure 125) The last two base arch beams are pinned to their
base pads and the erection gantry can be moved in place for
raising the next hangar arch.



Figure 120. Assembly of Wood Gantry

Figure 121. Base Pad
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Figure 122. Attaching Panel to Beam

Figure 123. Attaching Gantry to Arch
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Figure 124. Raising the Arch

Figure 125. Compieted Arch
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C. ARCH STRUCTURAL TEST

The prototype beam and panel hangar arch was erected and
static tested at Wright-Patterson Alr Force Base in the Flight
Dynamics Laboratory under supervision of Air Force personnel.
(Figure 126)

The loads were applied to the panel cam locks in accordance
with Figure 99 and Table II.

The structure was loaded to a 90 mph equivalent loadlng
by means of hydraulic jacks. (Figure 127) This loading, i.e.
0 to 90 mph, was repeated five times over a period of six
hours and then it was loaded to destruction. At a 122.4 mph
equivalent load, one of the hydraulic Jjack attachments broke
and the loading was stopped. The structure deflected 13"
horizontally at its highest point and, as socon as the load was
removed, it recovered immediately.

T IRE

FL

ity

Figure 126. Arch Test

131



Figure 127. Hydraulic Jack Loading Device

Strain gauges were mounted on all beams to detect stress
variations across the two arch ribs. Figure 128 shows the theo-
retical bending moment variation across the arch as well as the
experimental results obtained from this test. Generally, the
actual induced moments are less than the theoretical. One rea-
son was. that some frictional restraint was induced at the pinned
ends. Secondly, actual dead weight of the structure was slightly
lighter than the estimated weight used for calculation.

D. PANEL STRUCTURAL TESTS

Four basic types of panels were manufactured for use on
the first full size hangar and General Purpose Shelter proto-
types. (Figure 129) These four types all have .032" aluminum
skins and vary in core materials and method of attaching skins.
Specimens 1 through 3 have Styrofoam cores, and skins are
riveted to perimeter edge close-out extrusions. Specimens U4
and 5 have Styrofoam cores and no edge rivets. Specimens 6
and 7 have balsa wood cores. Specimens 8 and 9 have paper
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PANEL TYPE TYPE A | TYPE B | TYPE C | TYPE D

Styrofoam Core o o

Balsa Wood Core ¢

Paper Honeycomb Core o
Skins Riveted to

Close~out Extrusions o

Skins Bonded With
P.P.G. #426 Adhesive @ o o

Skins Bonded With
Epoxy Adhesive o

Pigure 129. Panel Descriptions

honeycomb cores. Six panels each (spees 3, 5, 7 and 9) of the
four basic types were fabricated for test analysis.

Static and dynamic test results of three separate tests
performed on each panel type are shown in Figure 130. The panels
were cam-locked into "I" beams for this testing, and beams were
supported as indicated on the diagram in Figure 130. The
results presented are the average of the three separate tests.
After static testing, the same panel type underwent dynamic
loading of 25 lbs/sq ft. They were cycled 10,000 times (8 sec/
cycle) and deflections were measured. It can be seen that
cycled testing has a slight effect on the Styrofoam panels,
but 1t has no effect on the paper honeycomb and balsa wood
panels. Also 1t can be noted that riveting of panel skins to
edge extrusions had no effect on panel performance.

Heat tests were also performed on these panels. They were
heated individually on one side (Figure 131) to a temperature
of 180° for five hours and then cycled (110° to 180° P¥) in
one minute 1intervals for one hour. After thls, the panel
underwent static testing described earller to investigate any
caused defect. In all four panel types there were no visible
defects, and test result load/deflection curves were practically
identical to those of non-heated panels. No visual defects could
be seen when 1' x 1' sections were cut from the panels that
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ELEc. HEATING <oiLs
+~PANEL CAMLOCKED TOBEAMS

—T

Figure 131. Yanel Heat Test

had been tested. However when these 1' x 1' sectlons were
placed into an oven and heated for 1-1/2 hours at 185° F, the
Styrofoam core sample deformed and the core expanded whereas
the paper honeycomb and balsa wood samples remained intact.
The Styrofoam cores exhibit better resistance to heat when
fully enclosed in a panel wilth edge extrusions and are gen-
erally acceptable and by far the least expensive. However,
the paper honeycomb panels, which are-lighter and less expen-
sive than the balsa wood panels, exhibit the best potentlal
from the standpoints of strength and durability.
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VII

FIRST PROTOTYPES

The first Hangar and General Purpose Shelter full size
prototypes were delivered to Wright-Patterson Air Force Base
in August of 1968. These shelters were erected before being
shipped out for field test. The Hangar was test erected and mon-
itored at Eglin Air Force Base in Florida, and the General
Purpose Shelter was test erected and monitored at Howard Alr
Force Base in the Panama Canal Zone.

A. FIRST HANGAR PROTOTYPE

Fabrication of this shelter was performed by subcontrac-
tors representing the various trades involved. The metal com-
ponents were fabricated by Newman Brothers, Inc., Cincinnati,
Ohio. The Styrofoam and balsa wood sandwich panels were fabri-
cated by the Stolle Corporation, Sidney, Ohio. The paper honey-
comb sandwich panels were fabricated by Wickes Industries Inc.,
Los Angeles, California. (See description of different panels
in Figure 129.) The fabric components were fabricated by Hoosier
Tarpaulin and Canvas Goods Company, Inc., Indianapolis, Indiana.
The electrical system was manufactured by Kalsey Electric
Company, Cincinnati, Ohio.

Each Hangar component is described in the following para-
graphs in terms of its function in the sequence of erection.

1. Base Pad Layout and Anchoring

A Corner base pad is staked down and a base pad lo-
cating cable is attached to it. (Figure 132)

Intermediate double base pads are located with markers
which are on the locating cable device. (Figure 133)

Figure 132. Corner Base Pad Figure 133. Intermediate Base
with Locating Cable. Pad with Locating Cable.
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The cable locating device is triangular, thereby making
it possible to lay out base pads on both sides of the shelter
and assuring that the shelter end walls are square with the
side walls. End wall column base pads are located with the same
cable device and staked down. (Figure 134) Ground cables are
attached to base pads on opposite sides of the shelter to pre-
vent the shelter arches from spreading. (Figure 135) Note
that the Arch Beam sections are distributed next to base pads
for easy accessability during arch erection.

A leveling device is provided for insuring that the base
pads are within the allowable level tolerances. (Figure 136)
This device 1s clamped to a standard arch beam which is placed
from base pad to base pad down each side of the shelter. (Fig-
ure 137) Relative adjustments are made to insure that the
bubble in the spirit level remains within the limits marked on
the glass tube.

Figure 134. Column Base Pad with Locating Cable
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Figure 135. Base Pads with Figure 136. Leveling Device
Ground Cables

Figure 137. Leveling Device on Arch Beam
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2. Erection Gantry Assembly

For shipment, the erection gantry breaks down into four
parts. (Figure 138)

Two side "A"-frame parts are locked together for each
side of the gantry. (Figure 139)

The top horizontal truss members are folded out and pinned
together. (Figure 140)

The gantry is tipped up into a vertical position (Figure
141) and the hand winch is attached. (Figure 142)

Figure 138. Disassembled Erection Gantry
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Figure 139. Assembly of Side
"A" Frame Figure 140. Assembly of
Top Truss

Figure 141. Gantry in Figure 142. Attachment of
Vertical Position Hand Winch
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3. Avech Erection

The arch beam section used on the prototype test arch

~— {FPigure.102).was .changed to.a.5". x-3~1/2" aluminum section .

which weighed 3.69 1b/ft. This is slightly heavier but was
worth the increased weight because the faces of the beam flanges
were parallel so that the beveled washers could be omitted.

For an eight-arch hangar the six intermediate arches are
€érected first. Then the end arches are raised with the
end walls.

First the base arch beams are pinned to the base pads.
(Figure 143)

Next the panels are cam locked to the beams. (Figure 141)

The next pair of arch beams are attached by pinning the
top hinges and the second double panel assembly 1is cam locked
to these beams. (Figure 145)

The beams are raised by hand until the bottom hinges
engage and are pinned. (Figure 146)

Figure 143. Base Beam Pinned to Base Pad
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Figure 144,

Figure 145. Top Pin

Panels Camlocked to Beams

Inserted

Figure 146. Bottom Pin Inserted
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Four beam-panel modules can be assembled by hand. Then
the erection gantry is rolled into place and the lifting
cables are clamped to the arch beams for raising the arch with
the hand winch. (Figure 147) (Note: the panel to panel
flashing is being closed after the bottom hinges are engaged).

The panel to panel flashing on the first prototypes was
sealed by pressing together two 1" wide strips of Velcro tape
separated by a rubber gasket. (Figure 148)

At the ridge of the hangar the panels must change
direction for watershed. A special ridge flashing is required
as shown in Figure 149.

After ten beam-panel modules are assembled, the arch is
"kicked-out" at the base on one side due to deflection under
its own weight. (Figure 150)

Figure 147. Erection Gantry in Use
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Figure 148. Panel to Panel Flashing
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Figure 149. Ridge Flashing
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Figure 150. Arch in "Kicked-Out" Position

The arch is pulled in with a come-along and cable yoke
assembly (Figure 151), and the free end beams are pinned to

their respective base pads.

When two adjacent arches are erected they are locked
together by swinging the spacers out from one beam web, loosen-
ing the hand knob to slide spacer out to the right length,
and pinning the spacer to corresponding fittings on the ad-
Jacent beams (Figure 152). Then the hand knob is tightened
with a tool provided in the tool kit. (Figure 153)

Figure 151. Come-Along in Use Figure 152. Spacer Pinned to
Arch Beam
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Figure 153. Locking Spacer Handknob

4., Openable Fabric End Wall

The openable fabric end wall is unfolded (Figure 154)
and snapped to the end arch as it 1s being raised. (Figure
155) End wall flashing is clipped to the arch beam. (Fig. 156)

Two pivoting columns are located with the column-loca-
ting device and clamped to the arch beams. (Figure 157)

Figure 154. Unfolding Fabric End Wall
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Figure 155. End Wall Snapped to Arch Beams

Figure 156. End Wall Flashing Clipped to Arch Beams
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Figure 157. Column Attachment to Arch Beam

The columns are pulled up (Figure No. 158) with a cable

which passes through a pulley clamped to an arch rib beam.
(Figure No. 159)

Figure 158. Column in Raised
Position

Figure 159. Pulley Attached to
Arch Beam
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The pivoting columns prevent the end wall arch structure
from experiencing excessive deformation during high wind load-
ing on the end wall. Heavy reinforcing straps in the end wall
fabric attach to the top (Figure 160) and the bottom (Figure
161) of these columns.

On each side of the openable fabric end wall a column,
which receives a triangle shaped personnel door, is clamped to
the arch beams., (Figures 162 and 163)

Figure 160. Reinforcing Figure 161. Strap Attach-
Strap at Top of Column ment to Bottom of Column

Figure 162. Personnel Figure 163. Personnel
Door Column Door
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Special hardware designed for these doors 1s shown in
Figure 164 (outside view) and Figure 165 (inside view).

When all eight arches are erected, the hand winch is
removed from the erection gantry and attached to the spacers
nearest the end wall. (Figure 166) It is theu used for
raising the fabric end wall.

Figure 164. Door Hardware Figure 165. Door Hardware
Outside View Inside View

Figure 166. Hand Winch Mounted to Spacer Bars
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The openable end wall is shown in its partially open and
fully open modes in Figure 167 and Figure 168.

AR - 2 LI
! i i ™

o,

Figure 167. Partially Open End Wall

Figure 168. Fully Open End Wall
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5. Fixed Fabric End Wall

The fixed fabric end wall and support columns are attached
to the hangar in much the same manner as the openable fabric
end wall.

The columns have integral jack devices for adjusting the
column length. The Jjack bearing pads are retained to the base
pads with steel pins. (Figure 169)

Figure 169. Column Adjusting Jack

This end wall has four support columns. The two center
columns support a bi-folding truck door. These bi-fold door
panels hinge to the side columns and are guided by rollers
in a track on the door head beam.

The door head beam is hooked to each side column (Figure
170) and is pinned to the center (Figure 171).

Figure 170. Door Head Beam Figure 171. Beam Pinned in

Hooked to Column ' Center
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The truck door is the same on both the Hangar and General
Purpose Shelter and is shown in Figure 195.

One problem encountered with the design of this end wall
was that when the arch "kicked out" under its own weight the
configuration changed so that all the fabric attachments could
not be snapped to the arch rib beams. (Figure 172) This
problem was eliminated on the second prototype by adding fabric
"darts" over the truck door opening. (Figure 216)

6. Rigid Panel End Wall

A rigid panel end wall which incorporated seven standard
arch double panel assemblies was designed and fabricated.
This end wall, less counterflashing, is shown in Figure 173.
The columns are the same aluminum "I" section used on the arch
beams, and similar uses were made of the cam locks, spacers

and beam hinges. Special panels were required to close out
the arch configuration.

Figure 172. End Wall Partially Attached
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Figure 173. Rigid Panel End Wall

Special beam-to-panel clamps were incorporated to hold
these special panels centered under the arch beams. (Figure 174)

It had been hoped that the columns and panels could be at-
tached to the end arch during erection. However, two problems
made this operation very difficult. First, the column sections
had to swing up into a vertical plane relative to the end arch
before panels could be attached. As shown in Figure 175
some panels could not be attached from the ground Lecause the
columns were in a vertical plane when the cam locks were toco
high to reach.

The other problem was that the panels were impossible to
camlock in place if the arch was not properly restrained to
hold the correct configuration. However, the columns were
easy to attach and raise with the end wall arch, and the panels
could be readily attached from raised platforms. A working
platform on fork-1lift tongs provided an excellent service for
getting panels up into place.

Figure 174. Beam to Panel Clamp Figure 175. Attachment of
Rigid Panels
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7. Electrical System

The electrical system consisted of a distrihution panel-
board, fourteen wall outlets and fourteen light fixtures.
(Figure 176)
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Figure 176. Electrical Plan
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The distribution panelboard is located in the upper portion
of the tool storage box. (Figure 177) Seven circults are
provided: two for %the light fixtures, four for the wall out-
lets and one for an auxiliary power source at the panelboard.

LIigHT FIXTURES
CORDS RUMN OVER STACERS

OUTLET BOX

CORPS PLUG INTO PANELED.

ELEC PANELBOARD N TOP
OF TOOL BOX

GROUND WIRE & RoOD

e

Figure 177. Section Through Half of Hangar



A 10' long service cable with a weatherhead (Figure
178) and a grounding cable was pre-attached to the panelboard
and stored in the top of the storage box. A grounding rod
was also provided and stored in the storage box.

Outlets were mounted in one side of the panelboard (Fig-
ure 179) for the two power distribution lines and the aux-
iliary power source.

The power lines are assembled in the field with water-
proof twist-lock connectors. (Figure 180)

Light fixture cables plug into outlets at each junction
box. (Figure 181) 150 watt light bulbs were provided with
Teflon coatings for shatterproof protection.

Junction boxes were clamped to the arch beam spacers using
the spacer-locking hand knob. (Figure 182)

N |
i
:
{

Figure 178. Top of Electrical/Tool Box
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Figure 179. Side Outlets on Figure 180. Twist-Lock
Panel Board Connectors

Figure 181. Light Fixture Plug  Flgure 182. Junction Box
to Junction Box Clamped to Spacer
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8. Tool Box

Tools included in the tool storage box (Figure 183) in-
cluded: The column locating device, four leather mallets for
inserting hinge pins, four drift pins for removing hinge pins,
four "T" Landle Allen cam lock tools, two rollers for pressing
down the "Velcro" on panel flashings, the base pad leveling
device, four spacer hand knob tightening tools, the base pad
layout cables, a repair kit, and the arch come-along with cable
voke assemblies.

9. Counterflashing

The last operation in erecting the hangar is installing
counterflashing over the spacer gap between arches.

Fabric counterflashings with polypropylene chips (Figure
184) are used to close out the spacer gap between arches.

The rolled up counterflashing is carried up to the
ridge of the hangar (Figure 185) and clipped to the top flanges
of the arch beams (Figure 186) as it is unrolled.
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Figure 183. Tool Box Figure 184. Folded-Up Counter
Flashing
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Figure 185. Counter Flashing Figure 186. Counter Flashing
Carried to Hangar Ridge Snapped to Beams

10. Packaging

. The hangar components were strapped to 463L pallets for
air shipment (Figure 187) and transferred by flat-bed truck
(Figure 188).

Figure 187. Shelter Components Figure 188. Shelter Components
Loaded onto C-130 Transferred by Truck
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The hangar required two and a half pallets for packaging.
Therefore, two hangars will fit into one C-130 Type aircraft
which has the capacity to lock five 88" x 108" pallets to
its floor rail system. The packaged hangar weighs 16,000 lbs.
Therefore, two hangars would be well within allowable load lim-
its for short C-130 flights. However, for intercontinental
flights the total load of 32,000 pounds would be approximately
3,000 pounds over the allowable load limit.

B. FIRST GENERAL PURPOSE SHELTER PROTOTYPE

As explained in Section V, the General Purpose Shelter
configuration is achieved by using standard Hangar Components.
Special components are required for the side wall "knee joints"
and the end walls.

1. Knee Joint

The special angle required at the knee Jjoint was achieved
by adding a "hinge 1link" between the top standard beam hinges
(Figure 189). As shown in Figure 190, the erection method is
the same as for the Hangar except that the two knee joints
recelve three hinge pins instead of two.

The greater panel to panel dimension which occurs at the
knee joint is flashed with a special flashing strip. (Figure
95) This strip is first attached to the standard panel flash-
ing by engaging the "Velcro" with the hand roller. (Figure 191)
Then it is mated to the corresponding "Velcro" on the side
wall panels.

Figure 189. Knee Joint Figure 190. Arch Erection
Hinge Link Method
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Figure 191. Special Flashing Figure 192. End Wall Columns
Strip Attachment Installed

2. End Walls

Both end walls are identical. Four special columns are
required (Figure 192) and are clamped to the arch beams.

Two standard double-panel assemblies are camlocked to
these columns (Figure 193). Two special panels are camlocked
in place above the standard panels, and the docr head beam,
which 1s interchangeable with the Hangar door head beams,
is installed. (Figure 194)

Figure 193. End Wall with Figure 194. End Wall with
Standard Panels Special Panels
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Figure 195 shows the door head flashing, the arch beam
close-out flashing and the six panel bi-fold truck door in-
stalled. Note that the bottom half of the sidewall panels are
folded up. This provides ventilation in hot humid climates and
is easily accomplished by simply unlocking the camlocks, un-
clipping the lower portion of the counterflashing and swinging
the panel up.

Figure 196 shows a double personnel door unit which was
designed for the entry and exit requirements of a mess hall.

Figure 195. Finished End Wall

Figure 196. Double Personnel Door End Wall

164



C. FIELD TESTS

l. Panama Test

a. ObJjectives

The General Purpose Shelter was tested under tropilcal
conditions at Howard AFB, Canal Zone, Panama. Howard AFB 1s
located 5 miles west of the Panama Canal on the Pacific Coast.
Representatives from the University of Cincinnatl and the
Aeronautical Systems Division (ASD), WPAFB weré present for
the 21 day test period (November 21 to December 13, 1968).

The test had several general objectives:

1l.) To evaluate the ease and efficiency of erection and
disassembly of the shelter in a troplical environ-
ment with an inexperienced crew.

2.) To evaluate livability in a tropical environment.

3.) To evaluate tropical weather efrfects on the
shelter's materials and design.

b. Loglstics

The shelter was transported from WPAFB to Howard AFB by
C~130 aircrart via Lockbourne AFB, Ohio. The shelter was
strapped to standard 463L pallets. No significant problems were
encountered durlng on-loading, in-flight or off-loading.

: Assistance was provided by the Civil Engineering Group,
24th Special Operations Wing, Howard AFB. The selected site was
a small, slightly-rolling field next to a dense marsh. (Figure
197) There was no undergrowth, and the grass was cut weekly.
Ground conditions were soft and moist from the daily rain.
Soil-bearing conditions were not evaluated before erection.

The General Purpose Shelter In 1ts packaged mode was
brought to the site on a flat bed truck and off-loaded with a
fork 1lift.

¢. Erection

A crew of four cnlisted personnel was provided to erect
the shelter. Briefing was minimai, but the crew learned the
erectlon procedure very qulickly, and the shelter was erected
in approximately 65 man hours.

In laying out the base pads a problem was encountered
with the layout cable. The cable end stop sleeves were pulled
off. This occurred because the steel cable had a nylon coating
which was not stripped off at the points of stop sleeve attach-
ment.
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Figure 197. Erection Site

Three of the base pads were out of the level tolerances
required as indicated by the leveling device. However, earth
was not removed or added under these base pads as required
because damage to the grass area would result. The resultant
misalignment of arches was easily corrected by using the
come-along to align the arches so that the spacer bars could
be connected. One end of the come-along was clamped to the top
of one arch side wall beam, and the other end was clamped to
the top of the opposite side wall beam of the other arch. Then
the arches were cranked into alignment. The spacers were

carefully inspected after the shelter was taken down, and no
damage was evident.

Each base pad was staked down with four stakes. Two types
of stakes were used for comparative purposes. The 2" x 2"
aluminum "T" shaped stakes were far more effective than the 3/4"
diameter steel stakes in the soft earth because of the larger
bearing and friction area provided by the "T" section.

While the base pads were being staked down, the rest of
the crew started unloading the pallet. Because the beams were
packed by beam type, the entire pallet had to be unloaded
to get the four types needed to put up the first arch.
Grouping the beams by arch rather than beam type would have
simplified the initial setup.
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The erection gantry had a double barrel hand winch to
facilitate raising both sides of an arch with the one winch.
Initially steel cables had been used but, due to uneven spcol-
ing of the cable, 1-1/2" wide nylon webbing was used 1in this
test to try to eliminate this problem. However, the elong-
ation under loading of this webbing caused the arch to be
raised unevenly because one strap is 9' longer than the other.
This problem was later solved by using a low-elongation
polyester webbing.

The leather mallets provided for driving the hinge pins
were not thought to be dura“le or heavy enough. Weilghted
plastic mallets with replaceable heads were recomménded.

It was found that it was easier to attach the last arch
beams to the base pads if the last double panel assembly were
left off until after the arch was attached to the base pads.

Figure 198. Last Two Beams Raised Without Fanel

Since this arch only kicks out a few inches under its own
weight, it could be simply pushed in with a crowbar when
attaching it to the base pads. Therefore, a crowbar was recom-
mended for inclusion in the tool kit.
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The erection gantry required 2 x 4's under its wheels
to prevent it from sinking into the water-soaked earth. Larger
wheels would help alleviate this problem.

On this shelter, rope had replaced the plastic clips (Fig-
ure 184) on the counterflashing. The rope was sewn into both
edges of the counterflashing and, when pu’.led tight and tiled
off to cleats mounted to the batce pads, the counterflashing would
seal against the panel slde flashling. However, for this test,
the cleats were improperly located on the base pads so that
the rope was pulled away from the panels on the side walls. It
was recommended that the cleats be moved in closer to the
pPanels to offset this problem.

The end wall columns, panels and flashing were erected
without any difficulty, but the truck door presented a problem.
The folding door panels were hinged to an aluminum "T" shaped
extrusion which was, in turn, bolted to the side columns with
four bolts (two at top and two at bottom). The columns contained
threaded 1inserts so that the four bolts could be adjusted to
square the door. Tightening of one of these bolts would tend
to bind the other three bolts. Thils door Jjamb detall was later
refined so attachment and adjustment could be achieved with only
one bolt at top and one at bottom. This method performed satis-
factorily. However, since this door design did not perform well
when used primarily as a personnel door, 1t was re-designed to
be a center-parting rolling truck door with a conventlonal
personnel door in one of the sliding panels. (Figure 225)

d. Weather Conditions

During the first four days of this test, heavy rainstorms
were cencountered each afternoon for four or five hours. At
one point, rain fell at a rate of two inches per hour.

The next four days were dry and sunny. Light to medium
scattered rain occurred during the final two ::eeks of the test.

Temperatures ranged from the 70's at night to the high
80's during the rainy days up into the low 90's during the
dry days.

The barometer stayed around 30 inches throughout the test,
and the humidity ranged between 70 and 80%.

e. Test Apparatus

The main source of test information was a "Brown" l2-track
temperature recorder using thermistor wire. Temperatures were
taken at 3 points on the General Purpose Shelter and onre probe
took ground temperature readings. Barometric pressure, relative
humidity and temperatures were recorded every half hour from
3 a.m. to 5 p.m.
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f. Weather Test

The General Purpose Shelter was tested with the doors at
both ends of the shelter open. The ground inside the structure
remained muddy throughout the three-week period. No significant
leeks developed, and no ultra-violet effect was observed on
the fabric flashing. Temperature probes were located on a mid-
dle arch roof panel. One probe was located on the outer skin,
one on the inner skin, and a third probe was located 12"
beneath this panel measuring the Inside temperature. Average
inside and outside panel skln temperatures are shown in Figure
199. Average Inslide and outside ambient temperatures are shown
in Figure 200.

g. Disassembly

The shelter came down easlly and much faster than expected.
Only 45 man-hours were required. Just as noted in the erection
procedure, disassembly was sped up by removing the side wall
panels before leowering the arch and disconnecting the side wall
arch beams. Panels were stacked on the pallets as the shelter
was disassembled, and beams were staked for strapping together.

In takiag up the base pads, the crowbar was a valuable tool
for pulling out the stakes. After the shelter was completely
disassembled, only 3 hours were required to stack and band all
components to the pallets for shipment.

2. Eglin Test

The Hangar was tested at Eglin AFB, Florida. The shelter
was erected September 23-26, 1968 and disassembled January
27-29, 1969. Repre<sentatives from the University of Cincinnati
and the Aeronau*. <  Systems Division (ASD) WPAFB were present
for the erectlor . - . disassembly phases of the test.

a. Objectives

l.) To evaluate the ease and efficiency of erection
and dlsassembly of the shelter by an inexperienced crew.

2.) To evaluate the shelter's livability and
functional characteristics.

3.) To evaluate weather effects on the shelter's
materials and <Zesign.

b. Loglstiecs

The Hangar was flcwn to Eglin AFB on a C-130 aircraft.
The components were strapped to three 88" x 108" 463-I, pallets
Two pallets were fully loaded and one was half loaded. At Eglin
AFB the pallets were off-loaded onto a flat bed truck and
transported to the erection Lite. Some difficulty was exper-
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ienced in getting the lcaded pallets off the truck because no
fork 1ift that could unload the pallets from the side of the
truck (the long dimension of the pallets) was available. These
pallets were lifted and lowered to the ground by a crane and
sling arrangement. (Figure 201) Although no damage was done to
the hangar components, this method of off-loading is not re-
commended. Either the pallets should be loaded on the truck
with the long dimension parallel to the bed length so that a
fork 1ift can get its prongs under the short dimension of the
pallet or, if the distance is not too great, the pallets should
be transported from the plane to the erection site by fork 1lift.

Figure 201. Off-Loading Pallets From Truck

c. Erection

A crew of eight enlisted men was provided for erecting the
shelter. Sequential photographs of this erection were used in
the description of the first Hangar prototype - found in Section
VII, A, FIRST HANGAR PROTOTYPE.

The erection by the crew, which was unfamiliar with the
shelter system, generally went smoothly. The crew chief read
the erection manual prior to starting the erection, and very
1ittl. reference to this manual was required during the erec-
tion. The crew caught on to the erection procedure quickly, and
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once the first arch had been erected, the crew's learning curve
showed a definite upward trend In that time for erecting each
succeeding arch was reduced.

Approximately 180 man hours were required for this erec-
tion. A substantlial time was spent in the initial unloading
of components and familliarization of the crew to these com-
ponents. An estimated 50 to 80 man hours could be saved in
subsequent erections of this shelter by the same crew.

d. Weather Conditilons

Temperatures during the test period ranged from 70° to
80° during the day and dropped to between 40° and 50° during
the night. Most of the days were clear and warm with cccasional
scattered showers. A small amount of leakage was reported
where blowling rain worked 1ts way between the counter-flash-
ing and panel flashing. The principal problem encountered was
with condensatlon dripping from the arch beams. Fabric
flashing, which would cover the bottoms of these beams, was
recommended. This flashing would form a gutter and would not
only create a path for condensation to run off but would also
control rain leakage from tne counter flashing.

e. Disassembly of the Shelter

A crew of 7 enllisted men who were unfamiliar with the
shelter was assigned to dismantle and package it for shipment
back to Wright-Patterson Alr Force Base.

The crowbar was found to be very useful in relieving
pressure on the base pad/arch attaching bolt so that it could
be removed.

Again, the crew's learning curve showed a definite upward
trend with a first arch disassembly tlime of two hours and a
fourth arch disassembly time of fifty five minutes.

An effective dilsassembly procedure was worked out for this
crew. It relegated different operations to each crew member:

l. One man operated the gantry hand winch

2. Two men attached the 1liftling clamps and removed
hinge pins

3. Two men disconnected and stacked the panels and
beams

4, Two men disconnected spacer bars on the next arch
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After all arches were down and the end wall was folded,
the men were assigned the following tasks:

1. Four men began stacking panels and beams onto
the pallets

2. Two men removed the base pad stakes and stacked
the base pads on the pallets

3. One man colled up the ground cables and then
asslsted in the packaging

The dismantling and packing of components onto the
pallets required 90 man hours.
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VIII
SECOND PROTOTYPES

The second Hangar and General Purpose Shelter prototypes
were dellvered to Wright-Patterson Alr Force Base in July,
1969. Also, the first hangar and general purpose shelters
were refurbished and delivered with the second prototypes.
This refurbishment involved updating the first rrototypes
to include all improvements made on the second prototypes.

A complete set of working drawings and specifications cover-
ing the second prototype and modifications required to
refurbish the first prototype was delivered to the Project
Officer on 26 December, 1969. All four shelters were test
erected at WPAFB prior to being shipped out for field tecst.
These shelters were erected and monitored by the contractor
at Seymour-Johnson Alr Force Base, North Carolina to famil-
larize the Alr Force crews with thelr erection methods prior
to deployment to North Fleld, South Carollna for testing in
the Coronet Bare Exercise.

Fabrication of these shelters was performed by the sub-
contractors who buillt the first prototypes except that the
fabric components were fabricated by Rubber Fabricators,

Inc., Grantsville, West Virginia and the electrical components
were fabricated by Mutual Electric in Dayton, Ohio.

A. HANGAR IMPROVEMENTS

+The second hangar prototype reflected many improvements in
the deslgn of components based upon problems encountered
during fileld tests of the first prototypes and continuing in-
vestigation. The followlng describes these design changes
both as reflected in the second prototypes and as incorporated
in refurbishing the first prototypes.

1. Base Pad Layout and Anchoring

Base pad layout was simplified with the use of spacer
ground angles (Figure 202) which attached between adjacent
base pads. The ground angle also serves as a means for closing
out the bottom panel flashing. (Figure 203)

The double bolt clamp assembly on these base pads serves
two functions other than holding the ground angles. First
two gripper blocks hold the cables of "arrowhead" anchors
which prevent the base pads from 1ifting off the ground when
high winds are blowing on the hangar. The "arrowhead" shaped
anchor (Figure 204) 1s driven into the ground with a gasoline
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engine powered driving device (Figure 205). Four are driven
for each base pad, and their cables are clamped by the base
pad grippers. With the use of the "arrowhead" anchors, the
ground cables used on the first prototype (Figure 135) were

no longer needed. The cther function is the seat belt attach-
ment received the mating half from the counterflashing (Fig-
ure 222).

See Appendix D for base pad analysis.

Figure 204. Arrowhead Anchor

Figure 205. Power Anchor Driver
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2. Erection Gantry

The erection gantry was improved in several ways for the
second prototype. As shown in Figure 206, the top horizontal
structural member has been changed to an aluminum "I" beam.
This beam is attached to the side "A"-frame members with stan-
dard arch beam connectors. The resultant gantry is much easier
to assemble and is stronger. The hand winch is mounted per-
manently and is changed to a worm-gear type for safety reasons.
The first gantry had ratchet type winches which presented a
safety hazard if the reversing cog were left in the neutral
position. Also the worm-gear type winch could be operated
with an electric motor to speed erection should power be avail-
able during the erection phase.

3. Arch Beams

The arch beam used on the first prototype (discussed in
VII, A, 3) was changed to a 5-1/2" x 3" aluminum, 6061-T6
alloy, "I" beam section which weighed 3.09 1b/ft (Figure 207).
This new section was specifically extruded for this job so as
to achieve a weight saving on one hangar of over 400 pcunds.
Even though this beam section is lighter than the other pre-
viously used, its §reater depth made it stronger. It had an I
value of 13.370 in' compared to 12.260 in* on the prototype arch
and 13.59 in* on the first full size shelter prototype.

See Appendix D for beam, hinge spacer and camlock analyses.

4. Double Panel Assemblies

The horizontal flashing joints were improved by inter-
locking of fabric flaps. (Figure 208)

The vertical (panel to beam) flashing was changed to in-
corporate continuous "Velcro" attachment to the arch beam
(Figure 209).

e s 5 ]

g
,5
®

Figure 206. Erecticn Gantry
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Four double panel assemblies on each side of the Hangar
received window and plain knockout panels (Figure 210). Light
proof ventilation and heater duct connector panels were supplied
to replace the plain knock-out panels when required. The
windows were provided with black-out curtains.

5. Openable Fabric End Wall

The openable fabric end wall was completely re-designed
to improve ease and speed of operation. Also improvements were
made in reinforcing and weatherproofing details.

The swing-up columns (Figure 158) were deleted by increas-
ing the size of the end arch beam sections. Figure 211 shows
the beam secticn required for the openable end wall attachment.
See Appendix D for structural analysis of this beam.

Figure 210. Window and Knock-Out Panels

Figurce 212 shows the method of joining these larger arch
beams. Double hinges are used at top and bottom to resist the
Increased beam stresses. Also aluminum plates are welded to
each beam end to prevent bending of beam flanges.

The many end wall snap attachments to the ground on the
first prototype design were eliminated from the door opening
procedure by attaching the fabric to ground beams. The wind
load on the fabric end wall is transferred to this ground beam
which is, in turn, locked to the ground (Figure 213) by six
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Figure 211. End Arch Beam Section

Figure 212. End Arch Beam Joint

Figure 213. Lock Down Base Pads

181



lock-down base pads. The spring loaded clamps on the ground
beam automatically engage with the base pads when they are
dropped into place as the door is closed. Stepping down on the
foot lever disengages the clamps and holds them open until the
ground beams are raised, along with the end wall fabric, with
the hand winch cable and pulley system. (Figure 214)

Figure 215 shows this end wall in its open configuration.

6. Fixed Fabric End Wall

Principal design improvements over the first prototype end
wall were the addlition of two fabric darts over the truck
door, and the sliding truck door. (Figure 216) The darts
allow the fabric to be attached to the arch as it kicks out
during erection. The truck door is less complex and easier to
operate than the first prototype, and a personnel door is
incorporated in one of the sliding panels.

A greatly improved method of flashing both the Openable
and Fixed Fabric End Walls to the arch beams was incorporated
in the second prototype. A continuous rubber gasket was ad-
hered to the arch flashing flaps. This engages the top beam
flange as shown in Figure 217. Note that the panel side-
flashing is sealed at thz same time.

Figure 214. End Wall Raising Hand Winch
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Figure 215. End Wall in Open Configuration

Figure 216. Fixed Fabric End Wall

Figure 217. End Wall Gasket
Flashing
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7. Gutter Flashing and Counterflashing

The gutter flashing is attached to the Hangar arch beams
prior to attaching the counterflashing. (Figure 218) It is
attached by climbing up the spacers on the top of the shelter
and reaching in through the spacers to hook successive grommets
in the gutter flashing over carriage-head bolts in the beam's
bottom flanges. As explained in Section VII, C, 2, d, the
gutter flashing is required to prevent condensation from drip-
ping off the arch beams.

The counterflashing (Figures 219 and 220) is a continuous
fabric covered vlywood flashing which is pulled up over the
shelter (Figure 221) and is held down on outboard sides of the
adjacent arch beams by steel cables. These cables are attached
to base pads at each end by "seat belt" straps and buckles

which are pulled tight to secure the counterflashing. (Figure
222)

Figure 218. Gutter Flashing Figure 219. Counter Flashing
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Figure 220. Counter Flashing Detail

Figure 221. Counter Flashing Figure 222. Counter Flashing
Installation Attachment to Base Pad
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8. Side Personnel Door

Since the Openable Fabric End Wall did not have a personnel
door, a side personnel door was provided. (Figure 223) The
door unit was designed to be installed in place of any base
arch panel and incorporates a standard 3' by 7' by 1-3/4" door
and hardware.

Figure 223. Side Personnel Door

B. GENERAL PURPOSE SHELTER IMPROVEMENTS

Most components of the General Purpose Shelter are inter-
changeable with the Hangar. Improvements made on special com-
ponents, both as reflected on the second prototype and as in-
corporated in refurbishing the first prototyvpe, are dis-
cussed 1n the following paragraphs.
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l. Knee Joint

The special strip used to flash panel to panel at the
knee joint on the first prototype would tend to come apart 1in
a gusty wind. Thils was caused by not having a solid back-up
for the "Velcro" joint. This problem was remedied on the second
prototype by making the downhill flashing on the first rcof
panel longer than on the standard panels. (Figure 224)

2. End Walls

The end walls remalned basically the same as the first
prototype. (Figure 225) The folding truck door 1s replaced
wilth the sliding doors which are interchangeable with the Hangar
doors. Also, special hard panels are added above the truck
door &nd at each side of the end wall. This provided hard
panel coverage of the full end wall.

cC. FIELD TEST

The first and second hangar prototypes and the first and
second general purpose shelter prototypes were erected at
WPAFB during June and July, 1969. Modifications and repairs
were made as required prior to packaging and shipment of these
four shelters to Seymour-Johnson Air Force Base, Goldsboro,
North Carolina. During August and September, 1969 these
shelters were test-erected by the Air Force in preparation for
the North Field, Coronet Bare exercise.

Representatives of the University of Cincinnati were
authorized by tre Alr Mobility Office to make two trips to
Seymour-Johnson AFB to monitor these test erections. Trips
were made August 8 through 13 and September 25 through 29, 1969
for the purpose of getting a better understanding of forward
alr base operations, to assist in orientation of erection
crews and in minor field repairs.

EXTRA LoNnG “NOLE”
FLASHIN G~

— STANPARD
uPHILL
FLASHING

FPigure 224. Knee Joint Panel Flashing
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Figure 225. General Purpose Shelter

It was observed that Air Force erection crews could rather
quickly understand the erection method, and once one shelter
arch had been erected, their confidence increased and erection
tine for succeeding arches decreased.

Crew sizes were generally larger than recommended for un-
skilled crews. However this loss in erection time efficiency
probably was best 1n this case in that more men could be trained
for the follow-on Coronet Bare exercise.

Other observations made at the Seymour-Johnson exercise
were:

1. Alternate light fixtures should be considered for
achieving proper light intensity levels in critical
maintenance and work areas.

2. A flooring system should be developed for use in
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5.

areas where clean air is required for critical
malntenance.

A motor vehicle maintenance crew readily installed
an exhaust ducting system in one of the hangars.

If standard exhaust systems are employed by the Air
Force, the Hangars could be easily modified to

more efficiently receive these systems.

A General Purpose Shelter was used as a dining
hall by adapting one of its end walls to connect
to a kitchen facilities shelter. (Figure 226)

The hard counterflashing was found to be a real
improvement over the all-fabric type.

From Seymour-Johnson AFB these shelters were deployed to
North Field, South Carolina to take part in the Coronet Bare
"bare base" demonstration. Since this demonstration was closed
to contractors and the final report has not been released
at the time of writing of this report, detailed evaluation of
performance at North Field is not available at this time.

>Figure 226.

General Purpose Shelter with Kitchen Facility
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IX

CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

l. Conformance with Provisions of Contract

Concepts established for a portable aircraft hangar
followed the program as outlined in the contract Statement of
Work as modified by change orders and amendments. Major re-
quirements of the contract include:

a. Development of new hangar concepts.
b. Fabrication of two hangar arch sections.
c. Fabrication of two full-size hangar prototypes.

d. Monitoring tests of hangar arch sections and
full size shelters.

e. Working drawings of first hangar prototype.
f. Working drawings of second hangar prototype.

g. Modification kit drawings required to update the
first hangar prototype to reflect improvements made in the
second hangar prototype.

h. Refurbishment of the first hangar prototype to
reflect improvements made iIn the second hangar prototype.

i. Effort to provide more "rugged" material for 16'
x 32' shelter similar to those previously fabricated under
contract AF33(615)1285.

J. Deslgn and prototype section production of an
F-111 aircraft size hangar (to be reported in a later volume of
this report).

k. Work directed toward modification of composite
materials for possible use in the personnel shelter developed
by this contractor under contract F33615-67-C-1259. This work
1s belng covered in the final report of that contract as au-
thorized by SA/P018(70-1415) 17 November 69 of that contract.

1. The testing of 16' x 32' personnel shelters
development under contract AF33(615)1285. This work was re-
ported in Volume II of the final report of that contract.
(AFAPL-TR-65-116, Volume II)
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2. Shelter Conclusions

a. The concept of rapidly deployable, 100% recover-
able aircraft hangars that are suitable for use on forward or
bare base operational sites 1s an easily attainable goal.

b. Interchangeabllity of components between shelters
of varying configuration provides practical advantages from
nanufacturing economies to the loglstics of variable field
use requirements.

¢. In addition to shelter width variations, the
shelter length can be changed easily by the addition or sub-
traction of arch sections.

d. This shelter system has the potential of serving
other building needs such as auditorium, maintenance, recre-
ational, warehousing, dining, etc. Of course, many of the vary-
ing needs would have different requirements with respect to
floor covering, lighting requirements, air handling and ventil-
ation.

e. Hard shelter components such as beams, columns,
panels and base pads withstood repeated handling and erection
cycles quite well and should last indefinitely with a minimum
of maintenance required. Fabric flashing and end wall components
did recelve some wear and puncture damage. However, field
repairs were accomplished with extra fabric and adhesives
provided in the repair kit.

f. Primary problems encountered during field use
were leakage due to wind blowing raln in at arch to arch counter-
flashing and condensation dripping from the panels in humid
climates. Condensation was controlled from the arch beams
with the use of the gutter flashing. However the panels would
require a thermal barrier between outside and inside faces to
inhiblt condensation.

g. The shelters were easlly erected by unskilled
crews with a minimum of supervision. Crew confidence and pro-
filclency 1ncreased rapldly as erection of the shelter pro-
gressed. It was observed that erection time in man-hours is
markedly affected by the size of the erection crew. Generally,
larger crews were more difficult to supervise, and resulting
ineffic¢iancy caused wasted man-hours.

h. Two packaged shelters can be shipped on one C-130
alrcraft. Near maximum cubage and weight limits of the air-
craft are reached resulting in most efficient use of the air-
craft capabilities.

B. RECOMMENDAT IONS

1. Fabric end walls and flashing should be used for initial
deployments and short term use. For extended on-site use,
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more durable means of closure should be developed.

2. The counterflashing should be improved to provide
positive weather sealing. Continulng deslign on the F-111 alr-
craft size hangar 1s developing a counterflashing which seals
continuously to the panels.

3. A study should be performed to determine optimum
erection crew sizes. Filgure 227 shows the type of curve that
1s belleved to be representative of the relatlonships between
crew slize and man-hours required for shelter erection. Some
points on the curve are based upon unofficial reports of data
collected at the Coronet Bare Exerclse. However, more data
is required to indicate a more accurate optimization of crew
size. Also variables would have to be taken into account.
Another method of increasing crew efficiency might be to provide
a crew of 10 to 12 men with two erection gantries. This
would be practical in a case where hangars are to be erected
side by side on a flight 1line.

L, A flooring system should be developed to distribute
concentrated loads where earth conditions are too soft and to
provide a clean working area where required.

5. A variety of lighting kits should be provided to
facllitate different lighting levels and requirements. Throee
kits should meet most requirements.

a. General lighting as provided in this work is
adequate for warehouse use, and outlets provided would allow
auxlliary portable lighting tc serve infrequent critical work.

b. Maintenance and office type uses should have a
lighting system that provides illumination of 30 to 40 foot
candles.

¢c. Areas where explosive gases might accumulate
should be provided with an explesion-proof lighting system.

6. The sandwich panels should be modified to incorpcrate
a thermal barrier between inside and outside skins in order to
cut down on moisture condensation on the inside face of the
panels. This is difficult to do because 1n a thin structural
panel the barrier material must not only contribute to the
structural integrity of the panel it must also be an ex-
tremely effective thermal indicator.
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APPENDIX A
ARCH RIB STRUCTURAL ANALYSIS
In thls section, detailed computer program results of
structural analysls of the hangar arch ribs are presented.
The number designations indicated in the program are deflned
in Figure A-1.

The results are tabulated in the followling manner:

Member Length I A Ma Mb F \' M F Vv
n L i a n n+ £ ft q fb ft q
Where n = member number designation
£ = length of member
i = moment of inertla of one arch rib
a = cross sectlional area of one arch rib
n = Joint designation number, start of the member
n+ 4 = joint designation number, end of the member
Ma = end A of the member and related information
Mb = end B of the member and related information
F = Axlal load on one arch rib
V = Shear force across one arch rib
M = bending moment across one arch rib
ft = maximum normal stress at top flange of the beam
fb = maximum normal stress at bottom flange of the beam
q = maxlimum shear stress across beam = %%

L= 6&

FPigure A-1. Joint Designation
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APPENDIX B
END ARCH RIB STRUCTURAL ANALYSIS

Detail structural analysis of end arch which carries the
fabric end wall is shown in this section. The language for
programming is the standard STRUDL language under ICES system.!

Joint coordinate designations are shown in Figure B-l.
Loads due to tension in the fabric are transferred to the arch
AFK. The arch AFK and ground beam AOK subjected to these loads
are analyzed and bending moments, axial load and shear force
for all sections are tabulated in the results enclosed. It can
be seen that the horizontal reaction at A or K exceeds the lim-
its of ground anchors which had been employed up to this time.
Therefore, assuming no change in ground anchors, a cable 1s
needed to be connected between A and K to withstand 90 mph winds.
A cable with a minimum working capacity of 8274 pounds is
required.

S S B W o
ya

Figure B-1. Coordinate Designation

1ICES STRUDL-I, Vol. 1, Frame Analysis, School of Engineering,
MIT.
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APPENDIX C

GENERAL PURPOSE ARCH RIB ANALYSIS

For general purpose size shelters, using many of the
same components used in the hangar, a structural analysis was
performed using ICES system of computer programming. Flgure
C-1 shows the general configuration and loads on such struc-
tures. Kach arrow 1ndicates the cam-lock load due tc 90 mph
winds on the arch rib.

The program enclosed indicates tne variation of bendlng
moment, axial load and shear force across the span as well as
the deformation of the numbered points on the arch.
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Figure C~1. Arch Loading
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